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An  isolated  single  pile  and  a large  scale  test  group  of 
16  prestressed  concrete  piles  in  a closely  spaced  arrangement 
were  subjected  to  static  lateral  loading  using  a fixed-headed 
group  for  reaction.  Ten  piles  of  the  teat  group,  six  piles  of 

strain  gages  and  inclinometers.  The  piles  were  30  inches  in 
width  and  54  feet  long  installed  in  a 3-d  center  to  center 
spacing.  The  tests  were  conducted  in  coheaionless  soil 
overlying  partially  cemented  sand  at  Roosevelt  bridge 
replacement,  in  Stuart,  Florida. 

Details  on  the  site  investigations,  soil  properties,  pile 


loading 


presented.  Results  of  the  load  tests  were  compared  with  the 
program  FLPIER  (LPSSTANI  that  considers  both  the  nonlinear 
nature  of  the  soil  and  the  prestressed  concrete  to  predict 
lateral  pile  behavior. 

Different  methods,  based  on  instrumentation  and  in  situ 
teste (prior  and  post  pile  driving)  , were  used  Co  calculate 
load-transfer  curves  (i.e.  p-y  and  t-z  curves).  Some  soil 
densif ication  was  observed  due  to  soil  displacement  within  the 
pile  group  according  to  in  situ  measurements  (PWT,  CPT,  DHT, 
and  SPT) . The  reduction  of  soil  resistance  due  to  group  effect 
was  evaluated  by  p-y  multipliers  in  both  pile  groups. 

Finally,  some  recommendations  for  the  evaluation  of  p-y 
curves  and  the  design  of  closely  spaced  pile  groups  subjected 
to  lateral  loading  are  presented. 


CHAPTER 


INTRODUCTION 


a bridge  sCrucCure  as  a replacement  to  the  exlating  Roosevelt 
draw-bridge  over  the  8t,  Lucie  River  in  Stuart,  Florida,  This 
bridge  will  span  approximately  3500  feet  over  the  river  with 
a total  length  of  4S00  feet  adjoining  U.S.  highway  1. 

A full  scale  instrumented  free-headed  laterally  loaded 
teat  of  sixteen  preatreased  sacrificial  piles  and  an  isolated 


Lateral  loading  design  considerations  are  generally  of 
primary  importance  for  deep  foundations  subjected  to  forces 
such  as  ship  Impact,  wind,  earth  pressure,  water  presaurea  or 
earthquakes.  Because  of  the  fact  that  few  full-scale  lateral 
load  group  tests  of  deep  foundations  have  been  performed  due 
to  cost  limitations,  there  is  a lack  of  clear  design 
nes  for  pile  groups,  when  the  lateral  load  control  the 


design,  this  may  cause  overconservaCive  designs,  as  it  is  in 
Roosevelt  bridge  according  to  the  design  phase  pile  load  test 
program  from  Law  Engineering  (1S92) . 

For  a single  pile,  lateral  loading  is  a problem  of  soil- 
structure  interaction,  so  that  deflection  of  Che  pile  depends 
on  the  soil  response  and  the  soil  response  depends  on  the  pile 
deflection  (Reese,  1984) . For  a closely  spaced  pile-group  thie 
behavior  is  more  complex  due  to  two  stress  conditions,-  defined 
in  a near-field  zone  of  high  stresses,  nonlinear  soil  behavior 
(large  displacements  in  a region  close  to  the  pile),  and  in  a 
far-field  zone  of  relatively  small  stresses  and  strains 

Despite  the  significance  of  closely  spaced  pile 
interaction,  there  exists  a lac)c  of  knowledge  concerning  pile 
group  effects.  Most  lateral  load  investigations  have  been  done 
on  isolated  single  piles,  even  though  piles  are  most 
frequently  used  in  groups , 


Currently,  to  solve  the  lateral  load  pile  group  problem 
there  are  three  major  methodologies:  numerical  modeling,  small 
scale  laboratory  models,  and  full  scale  load  testing. 
Numerical  modeling  is  based  on  finite  elements  or  finite 
difference  methods,  but  its  accuracy  is  limited  mainly  to  the 


determination  oC  eoil  or  pile  properties.  Small  scale  models, 
i.e.  centrifuge  tests,  are  a technique  that  simulate  stress- 
strain  conditions  observed  in  the  field.  The  models  can  be 
used  to  evaluate/verify  numerical  codes,  but  modeling 
difficulties  limit  site-specific  field  predictions. 

Current  analysis  trends  are  using  theories  that  account 
for  the  nonlinear  behavior  of  soil  depending  on  soil  type, 
loading  and  pile  geometry.  A widely  acceptable  solution  for 
lateral  load  design  in  piles  is  the  p-y  approach,  chat  is,  a 
Winhler  or  a subgrade  reaction  approach  which  utilizes  a beam- 
column  on  an  elastic  foundation  with  nonlinear  springs  to 

represent  the  total  eoil  resistance  at  a particular  depth  Co 
the  lateral  displacement  of  a horizontally  loaded  pile. 
Recommendations  for  the  prediction  of  p-y  curves  are  based  on 
Che  results  of  full-scale  tests  where  Che  continuum  effect  is 
explicitly  satisfied.  There  is  a relative  close  agreement 
between  results  obtained  from  experiments  and  theoretical 
solutions. 

For  closely  spaced  pile  groups,  only  a few  full-scale 
instrumented  teste  have  been  performed  and  most  of  them  were 
short-term  static  load  tests  that  were  used  as  a reference  Co 
correlate  to  other  types  of  loading.  A well-known  fully 
instrumented  pile  load  test  was  described  by  Brown  et  al. 
(19S8) , This  test  was  performed  using  a 3 by  9 steel-pipe  pile 


group.  The  resulcs  were  fairly  good;  however,  each  pile  load 
cesc  ie  unique  due  Co  Che  variable  nature  of  ground  and 
particular  teet  conditions.  Therefore,  it  is  necessary  to 
obtain  more  data  to  establish/validate  a reliable  method  of 
design  for  pile  groups  with  a better  )cnowledge  of  Che 
materials  involved.  As  part  of  Florida  DOT  research,  the 
University  of  Florida  geotechnical  group  is  performing 
centrifuge  teats  of  different  pile  group  configurations  Co 
determine  p-y  multipliers  for  different  pile  spacing,  soil 
conditions,  etc. 


There  are  four  major  objectives  of  this  research; 

1)  Provide  a better  understanding  of  the  lateral  resistance 
of  closely  spaced  O-d)  driven  piles  in  a group  and  whether 
this  can  be  related  Co  the  behavior  of  a single  Isolated  pile 
through  p-y  multipliers. 

2)  Evaluate  techniques  for  determining  p-y  curves  based  upon 
in  situ  teste  and  the  estimation  of  soil  denelf ication  due  to 
jetting  and  driving  in  a pile  group. 

3)  Verify  computer  programs  that  are  widely  used  by  FOOT  for 
design  such  as  FLFIER  (lacesc  version  of  LPGSTAN) . The 
prediction  was  compared  with  Che  actual  behavior  obtained  from 
Che  laterally  loaded  pile  teste  considering  Che  nonlinear 


illy  loaded  pile 


nonllneai 


r behavior  o£  presEresaed 
concrete  pilea.  Alao,  the  behavior  of  the  pilea  within  the 
reaction  pier  waa  evaluated  considering  the  pile  cap  effects. 
4)  Provide  a general  guideline  for  future  load  teats  and 
deaign  recommendations  for  piles  subjected  to  lateral  loads 
for  more  realistic  and  economic  projects. 

1.4  Scope  of  Work 

To  accomplish  these  objectives,  the  following  tasks  were 
performed:  a)  in  situ  soil  testing,  b) inatrumentation  and  data 
reduction,  c)  static  lateral  load  tests,  d)  p-y  curves, 
and,  el  prediction  and  evaluation  of  results, 
a)  In  situ  Soil  Testing 

In  addition  to  FOOT'S  site  SPT  N values  the  University  of 
Florida  has  performed  cone  penetration  (CPT) , dilatometer 
IDMT) , and  cone-pushed  pressuremeter  tests  <CPHT1 . Preliminary 
in  situ  tests  were  performed  adjacent  to  Pier  19  and  the  north 

modified  Cambridge  self-boring  pressuremeter  trailer.  These 
teste  were  performed  to  determine  if  a hard  layer  of  cemented 
sand  could  be  penetrate  and  to  prove  the  equipment  and 
methodology, 

To  investigate  if  soil  densification  occurs  due  to  pile 
in  situ  soil  testing  was  performed  in  the 


driving,  pre-driving 


vicinity  of  Pier  16  and  post-driving  testing  was  perform  at 
Pier  16  and  between  the  piles  in  the  test  group  using  the  UP 
cone  truck  and  the  trailer, 
b)  Instrumentation  and  Data  Reduction 

The  instrumentation  mainly  consisted  of  strain  gages, 
load  cells,  manual  and  automatic  slope  inclinometers,  wire- 
lines  and  potentiometers.  The  ’'fixed"  group  (Pier  16  North), 
had  6 piles  fully  instrumented  (inclinometer  and  7 levels  of 
strain  gages)  for  axial  and  bending  strains,  and  the  free 
headed  test  group  had  10  piles  fully  instrumented 
(inclinometer  and  9 levels  of  strain  gages)  for  bending 
strains  only.  Additionally,  a fully  instrumented  (strain  gages 
and  inclinometer)  single  isolated  pile  was  tested. 

0)  Static  Lateral  Load  Tests 

A single  isolated  pile  was  laterally  loaded  to  72  kips 
yielding  and  the  lateral  pile  teat  group  to  a maximum  lateral 
load  of  lOSO  kips,  i.e.  close  to  the  teat  group  yielding. 
Sixteen  30"  piles  connected  through  the  cap  were  the  reaction 
pier  ("fixed")  for  the  16  sacrificial  piles  ("pinned")  joined 

d)  P-y  Curves 

The  deflection  and  soil  reaction  for  the  p-y  curves  were 
determined  by  a family  of  bending  moments  obtained  with  the 

it  is  the  best  known  technique  to  determine  p-y  curves. 


complemenc 


gage  measuremente  to  determine  pile  rotations  and  deflections 
as  a function  of  depth.  Also,  a method  to  determine  p-y  curves 
directly  from  inclinometer  readings  is  presented. 

FLPIER/COH624P  default  p-y  curves  for  cohesionless  soils 

in  situ  tests  such  as  PMT  and  DMT.  Finally,  p-y  curves  derived 
from  CPT  and  SPT  based  on  the  lateral  load  tests  performed  and 
practical  suggestions  are  presented. 
e)  Prediction  and  Evaluation  of  Results 

The  deflections,  loads,  shear  forces,  and  bending  moments 
were  determined  mainly  with  PLPIBR,  considering  the  pile  non- 
linear behavior  for  prestressed  concrete.  The  p-y  curves 
previously  obtained  were  used  to  predict  the  behavior  of  the 
single  pile,  the  reaction  pier  (16  N) , and  the  sacrificial 
pile  teat  group.  These  predictions  were  compared  to  the  load 

Single  pile  behavior  also  was  predicted  using  FLPIER  with 
linear  pile  properties,  C0M624P,  and  PIQR3D  without  pile 
interaction.  For  the  pile  groups  response,  FLPIER  was  compared 
with  GROUP  and  PIGR3D  with  interaction.  FLPIER  and  GROUP  used 
p-y  multipliers  as  a function  of  row  position  to  model  pile 
group  effects,  while  P1GR30  used  Mindlin's  solution  to  analyze 


CHAPTER 


LITERATURE  REVIEH 

The  pvirpoee  of  this  chapter  is  to  provide  a review  of  the 
theory  and  software  for  predicting  lateral  behavior  of  single 
isolated  piles  and  closely  spaced  pile  groups. 


Lateral  loading  of  a single  pile  is  a problem  of  soil- 

on  the  soil  response  and  the  soil  response  depends  on  the  pile 
deflection.  Three  common  approaches  are  used  in  the  analysis 
of  single  piles; 

a)  Model  the  soil  as  a series  of  closely-spaced  discrete 
springs  with  no  coupling  between  them.  This  is  hnown  as  Che 
unit  load  transfer  model  or  Hinkler  approach. 

b)  Model  the  pile  as  a beam  on  an  ideal  elastic  continuum 
(Poulos,  1971) . 

c)  Model  the  soil  using  the  finite  element  approach. 

The  most  common  solution  for  lateral  load  design  of  piles 

ue  to  Che 


p-y  approach;  i.e.  Che  Winkler  assumption,  di 


fact  that  it  is  simple  to  use  and  easy  to  modify  for  nonlinear 
soil  response  and  cyclic  loading.  Elastic  continuum  models  are 
used  frequently  for  problems  with  small  soil  strains,  such  as 
dynamically  loaded  foundations.  According  to  Pouloa  (1971),  an 
elastic  homogeneous  isotropic  soil  better  approximatea  a real 
soil  mass,  particularly  for  clayey  soils  than  a Mlnkler 
medium.  Finite  element  techniques  remain  as  research  tools 
due  to  considerable  human  and  computer  effort. 

The  Hinkler  or  aubgrade  reaction  approach  utilizes  a 
beam-column  on  an  elastic  foundation  with  nonlinear  springs  to 
transfer  the  load  from  the  pile  to  the  soil.  These  springs 
model  the  relationship  of  soil  resistance  versus  deflection 

particular  depth  to  the  lateral  displacement  of  a horizontally 
loaded  pile.  Soil  resistance  will  reach  a limit  and  then 
remain  constant  or  decrease  with  further  deflection.  This 
nonlinear  behavior  is  opposite  to  pile  deflection.  The  soil 
modulus  El  is  stlffer  at  smaller  deflections  and  decreases  as 
the  deflection  of  the  pile  increases  as  shown  in  Figure  2.1. 
The  Hinkler  solution  utilizes  the  beam  theory  with  an  axial 
load  and  horizontal  springs  that  use  a soil  modulus  E(  times 
pile  deflection  as  force  per  length.  This  solution  utilizes 
Hetenyi's  beam-column  theory  that  accounts  for  the  axial  load. 
This  problem  cannot  be  solved  by  static  equilibrium,  but  is  a 
fourth-order  differential  equation  for  elastic  deflection  of 


solved  by  iteration.  Assuming  equilibrium 


of  moments  and  ignoring  second-order  terms,  it  leads  to 
equation  2.1  that  is  a general  solution  for  inelsstic  pile 
rigidity  as  it  is  considered  in  C0MS24P. 


Figure  2.1  Typical  P-y  Curve  {Reese,  19841. 


where 

y is  Che  deflection  of  Che  pile  along  the  depth  x, 
El  is  the  rigidity  of  Che  pile, 

P,  is  Che  axial  load  on  a pile, 

W is  the  distributed  load  along  Che  pile. 


The  soluCion  of  the  differential  equation  is  usually 
obtained  by  finite  difference  techniques;  a well-established 
procedure  in  geotechnical  engineering.  This  solution  gives 
values  of  y as  a function  of  x and  a family  of  curves,  where 
El  varies  along  Che  pile.  The  shapes  from  a complete  solution 
are  shown  in  Figure  2.2,  where 

y lx)  is  the  deflection  along  Che  pile 


y is  the  slope  of  Che  pile  y'~  ^ 


Figure  2.2  Complete  Solution  of  Differencial  Equation, 


2.2  Behavior  of  Pile  Groups 


Although  piles  are  frequently  used  in  group,  there  exists 
a lack  of  knowledge  concerning  pile  group  Interaction.  For  a 
closely  spaced  pile  group,  lateral  behavior  is  more  complex 
due  to  two  stress  conditions;  1)  a near  field  zone  of  high 
stresses  and  plastic  strains  (large  displacements  in  a region 
close  to  Che  pile),  and  2)  a far  field  zone  of  relatively 
small  stceases  and  strains  between  pile  and  pile  (Ooi  and 
Duncan,  1994).  An  additional  boundary  complexity  is  that  piles 
are  embedded  into  a monolithic  reinforced  concrete  cap.  This 
leads  Co  another  form  of  influence  in  pile  group  behavior, 
that  is,  Che  interaction  between  pile  tops  which  are  connected 

of  the  cases  an  assumption  of  a complete  fixity  of  Che  pile 
cap  is  accepted. 

In  order  to  analyze  closely  spaced  grouped  piles,  various 
analytical  models  have  been  developed  by  making  assumptions 
Chat  handle  the  problem.  The  most  common  methods  are  as 
follows; 

a)  Finite  element  model 

d)  Single  pile  method 

e)  Modified  unit  load  transfer 
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f)  Hybrid  model 

The  finite  element  model  could  be  used  as  a powerful  tool 
to  represent  nonlinear  soil  behavior  and  different  strata. 
However,  it  requires  knowing  appropriate  constitutive 
equations,  soil  parameters  and  the  initial  state  of  stress 
surrounding  the  piles. 

Poulos  (1971)  to  calculate  the  behavior  of  a pile  group  under 
lateral  loading,  The  model  consists  of  an  elastic  half  space 
and  uses  Kindlin's  three-dimensional  equations  to  model  pile- 
Boil-pile  interaction.  It  has  the  disadvantage  of  a large 
computational  effort  and  the  difficulty  of  establishing 
appropriate  elastic  parameters. 

The  modified  continuum  model  (or  coupled  Winkler  model) 
is  the  continuum  model  with  the  exception  that  the  pile-soil- 
pile  interactions  are  assumed  to  occur  only  in  horizontal 
planes  in  order  to  reduce  computational  effort. 

The  single  equivalent  pile  method  was  proposed  by  Reese 
(1984)  to  establish  an  upper  bound  on  pile  group  deflection 
and  bending  moments.  It  assumes  that  the  soil  contained  within 
the  piles  moves  with  the  group.  Thus,  the  piles  and  the 
enclosed  soil  are  treated  as  a single  pile  of  an  imaginary 

group  divided  hy  n.  The  total  stiffness  is  determined  as  the 
sum  of  individual  pile  stiffness,  neglecting  soil  stiffness. 


shear  and  moments  are  distributed  equally  among  the  piles  in 
the  group. 

The  Matlock-Bogard  modified  unit  load  transfer  model  cited 
by  Morrison  and  Reese  (1988)  combined  Che  behavior  of  an 
isolated  pile  with  the  behavior  of  Che  large  imaginary  pile  in 
an  empirical  but  rational  method.  They  modified  Che  p-y  curves 
for  Che  imaginary  pile,  by  dividing  the  soil  resistance,  p.  by 
the  number  of  piles  and  Che  deflection,  y,  by  the  pile  spacing 
in  diameters.  The  deflection  of  Che  resultant  p-y  curve  is  Che 
sum  of  the  isolated  and  the  modified  deflections  for  the 
corresponding  soil  resistance. 

The  hybrid  model  was  initially  proposed  by  Fochc  and  Koch 
(1973)  and  is  a combination  of  the  continuum  model  and  the 
unit  load  transfer  model,  They  postulated  that  Che  pile  group 
behavior  is  controlled  by  two  different  screes  conditions;  a 
zone  close  to  the  pile  of  high  stresses  which  would  result  in 
large  displacements  and  plastic  strains  and  a zone  between 
piles  of  relatively  small  stresses  and  strains.  The  p-y  method 
with  nonlinear  curves  is  used  for  modeling  pile-soil 
interaction  and  the  additional  displacements  due  Co  plle-soll- 
plle  interaction  are  calculated  using  an  elastic  half  space 
analysis  proposed  by  Poulos.  Finally,  group  deformation  is 
predicted  by  assuming  superposition  of  computed  displacements. 
An  extension  and  more  refined  approach  was  proposed  by  Ha 
(O'Neill  et  al.,  1977),  using  the  superposition  concept.  They 


hypothesized  that  each  individual  pile  ii 


modelled  by  the  use  of  nonlinear  unit  load  transfer  curves 
(f-w,  q-w  and  p-y  curves)  and  the  interaction  among  piles  was 
represented  by  means  of  elastic  half  space  deformation  theory. 
The  piles  were  discretized  and  a finite  element  method  was 
used  representing  each  discrete  element  as  a Mindlin  point 
load.  The  deflection  of  each  p-y  curve  is  modified  by  the 
effect  of  the  ocher  piles  and  the  response  of  each  pile  is 
recomputed  using  the  modified  p-y  curve  until  it  converges. 
This  procedure  produces  a unique  solution  and  is  much  more 
general  than  chat  of  Poch  and  Koch  (1973).  Unfortunately  it  is 

Che  individual  interaction  between  every  node  on  every  pile  in 
the  group  is  computed  and  the  solution  sometimes  becomes 
unstable. 

from  full  scale  experiments  chat  will  predict  the  influence  of 
pile  spacing  on  pile-soil-pile  interaction.  No  definitive 
conclusions  have  been  reached  but  a procedure  that  appears  Co 
be  useful  is  to  reduce  soil  resistance  (p)  and/or  expand  the 
deflection  (y)  from  Che  p-y  curves  of  an  isolated  single  pile; 
i.e.  each  p-y  curve  is  individually  modified  for  the  effect  of 
Che  ocher  piles  accounting  pile-soil-pile  interaction.  Brown 
et  al.  (1988)  proposed  experimental  factors  (p-y  multipliers) 
that  depend  on  row  position  and  soil  type  in  order  to  account 


Ifi 

for  the  'group  effect'  that  would  repreeent  the  lose  in  soil 
resistance  for  a group  of  piles  compared  to  an  isolated  pile. 
The  graphical  concept  is  presented  in  Figure  2.3.  This  concept 
is  employed  in  Florida-Fier. 


Figure  2.3  P-y  Multipliers  Concept  (Brown  et  al.,  1908) . 

Centrifuge  tests  were  performed  at  the  University  of 
Florida  on  a single  pile  and  on  a 3x3  pile  groups  at  3-d  and 
5-d  spacings  (McVay  et  al,  1995).  The  piles  were  driven  in 
flight  to  simulate  geostatic  stresses  during  driving,  These 
tests  were  performed  in  two  different  relative  soil  densities, 
medium  loose  IDr-331)  and  medium  dense  sand  (Dr-55t)  . The 
shadowing  effect  was  reported  with  a good  agreement  with  the 
Texas  pile  group.  For  the  3-d  spaced  group  (Roosevelt  bridge 
pile  spacing)  the  p-y  multipliers  were  0.8,  0.4,  and  0.3  for 
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medium  loose  sands.  The  group  efficiency  was  0.74  and  the  load 
distribution  varies  from  a high  of  45%,  32%,  23%  for  very 
dense  to  37%,  33%,  30%  for  medium  loose  sands. 

The  latest  research  Involved  centrifuge  testing  of  large 
fixed  head  lateral  groups  (3x3  to  3x7  rows  of  piles)  in  medium 
loose  (Dr-36%)  and  medium  dense  sand  (Or-5S%)  at  3-d  pile 
spacing  (McVay  et  al.,  1996).  Also  two  single  pile  load  test 
were  performed,  the  tests  were  repeated  twice  for  each 
combination.  They  stated  that  the  individual  row  distribution 
is  independent  of  Che  group  size,  but  is  dependent  on  row 
position.  The  latter  supports  the  p-y  multiplier  concept.  The 
p-y  multipliers  were  found  to  he  O.S,  0.4,  0.3,  0.2,  and  0,2 
for  all  densities. 


2.3  General  Comments  on  Programs  to  be  Oaed 

Some  assumptions,  comments,  and  capabilities  of  common 
programs  Co  predict  lateral  pile  behavior  are  presented. 

2.3,1  COM624P  (V2.Q) 

COM624P  uses  the  Win)<ler  foundation  assumption;  thus,  it 
solves  Che  differential  equation  2.1  based  on  beam  column 
theory.  It  does  not  consider  group  effect  limiting  Che  problem 
to  an  isolated  single  pile.  The  only  adjustment  is  to  replace 
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the  distribution  load  p with  the  secant  modulus  of  soil 
reaction  (E,)  times  pile  deflection  <Y),  with  a negative  sign. 


The  term  H is  similar  to  p and  is 

added  to  allow  a distributed 

load  along  the  pile  i.e.  when 
mudline. 

Che  pile  extends  above  the 

Soil  response  is  characte 

rized  as  a set  of  discrete 

mechanisms  such  Chat  the  soil  r 

esiecance  at  a point  is  not 

dependent  on  pile  deflection  ele 

ewhere;  thus,  a continuum  is 

not  perfectly  modeled.  However 

the  recommendations  for 

predicting  p-y  curves  are  based  c 

>n  field  experiments  in  which 

the  continuum  effect  was  explicitly  Implemented.  This  method 


is  very  versatile  in  dealing  wit 

h Che  highly  nonlinear  soil- 

pile  interaction  system  with  any 

arbitrary  change  in  soil  and 

pile  properties.  The  program  use 

s a finite  difference  method 

Co  solve  differential  equation  2. 

1.  The  pile  ie  discretized  to 

use  Che  recurrence  formula  in 

equation  2.2.  A graphical 

representation  of  the  discretized 

''■-1  *'j-i 

pile  is  shown  in  Figure  2.4. 

[P.  h‘  - 2S,.,  - 2S,3  • 11, 

R,  is  the  Flexural  rigidity 

at  point  i (R,.  E,  IJ  . 

19 

The  deflection  at  any  point  can  be  known  by  applying  some 

moment  and  shear  force  at  node  0 (bottom)  are  zero.  Lateral 
force,  moment,  and  elope  of  the  elastic  curve  or  rotational 
restraint  conetant  (Mt/St)  are  known  at  the  top  of  Che  pile. 

Finally,  a global  matrix  for  Che  pile  is  assembled  and 
Che  following  equation  in  matrix  form  is  solved; 

(2.3) 

(p}  represents  external  forces, 

{k}  is  the  rigidity  matrix,  and 

{0}  are  the  deflections  at  every  node. 

As  p-y  curves  may  be  nonlinear,  E,  varies  with  y.  an 
iterative  process  must  be  employed  Co  solve  until  deflection 
assumed  is  similar  to  deflection  computed. 

COM624P  (1993)  has  five  default  options  to  generate 
internally  p-y  curves  for  different  soils  conditions:  soft 
clay  below  wacertable,  stiff  clay  below  watercable,  stiff  clay 
above  watertable,  sand  above  and  below  watertable,  limestone 
using  unconfined  compression  strength. 

An  option  for  linear  interpolation  of  user  defined  p-y 
curves  is  also  available.  However,  this  option  can  not  be 
mixed  with  any  default  p-y  curves.  P-y  curves  can  be  modified 
according  to  Che  nature  of  loading  (static  or  cyclic) . 


CCM624P 


program  allc 


file,  input,  run,  and  graphics.  For  each  loading  condition, 
CXW624P  gives  a complete  solution  of  equation  2.1,  deflection, 
moment,  total  stress,  shear,  soil  resistance,  and  flexural 
rigidity.  As  the  flexural  rigidity  of  reinforced  concrete 

when  cracking  occurs  assuming  that  a constant  El  may  result  in 
some  degree  of  Inaccuracy  (COM624P,  1993)  . However,  this 


of  Oefle 


9d  File  (Reese 


FLOSIDA-PIER  1b  a nonlinear  finite  element  program 
developed  at  the  University  of  Florida  for  analyzing  bridge 
pier  structures  (piles  or  shafts,  pile  cap,  pier  columns,  and 
pier  cap,  see  Figure  2.5).  The  program  models  reinforced  or 
prestressed  concrete  piles  after  cracking  and  soil  nonlinear 
behavior,  it  is  a flexible  program  that  can  model  different 
pile  and  pier  configurations,  i.e.  battered  piles,  variable 
spacing  between  piles  or  shafts  and  allows  missing  piles. 
FLPIER  has  a graphical  pre-processor  PIERGEN  that  can  be  used 
to  create  input  files  and  a post-processor  PIERFLOT  to  obtain 
deflected  shapes,  nodal  information,  deformations,  rotations, 
internal  stresses,  momenta,  and  forces  in  members. 


This  procfram  is  Che  laceac  version  of  LPGSTAN  ChsC  merged 
STAH  (standard  structural  analysis)  with  LFG  (axial  and 
lateral  pile  loading).  FLFIER  models  Che  piles,  pier  columns, 
beams,  and  pier  cap  wich  three  dimensional  beam  elements.  Each 
pile  is  generated  with  sixteen  two-node  beam  elements  wich  six 
degrees  of  freedom  per  node.  Three  degrees  of  translation  and 
three  rotations  at  each  node.  The  element  models  bending  in 
both  planes,  torsion  and  axial  effects.  Generally,  the  piles 
have  a free  standing  length  above  Che  mudline  and  equally 
divided  length  for  the  remaining  portion  of  the  pile.  The  pile 
cap  is  considered  flexible  and  is  modelled  as  a nine-node 
shell  element,  where  pile  positions  make  up  Che  four  comers 
of  each  element.  Pier  columns,  pier  cap,  and  extra  beams  are 
model  with  six  degree  freedom  beam  elements.  The  program 
considers  stiff  shell  elements  to  connect  the  pile  cap  Co  Che 
piles  and  the  pier.  The  deck  is  considered  by  adding  springs 
on  the  pier.  An  iterative  secant  method  is  applied  for 

Axial  soil  interaction  is  modelled  with  nonlinear  soil 
springs,  t-z  curves.  The  axial  soil  resistance  along  the 
length  of  the  pile  and  the  soil  tip  model  are  given  by  McVay 
el  al . (1989)  equations.  T-z  curves  correlations  from  in  situ 
tests  are  presented  by  Casper  (1995) . 

lateral  pile-soil  interaction  is  modelled  by  nonlinear 
springs  (p-y  curves)  at  each  node  in  the  pile.  In  this  program 


O’Neill’s  p-y  curves  foi 


are  included  besides  default  p-y  curves  presented  in  COHS24P 
for  sand  and  clay.  Additionally,  a user  defined  p-y  curves 
option  for  linear  interpolation  is  included  for  lateral  soil 
response  that  can  be  combined  with  any  default  option  (McVay 
et  al.  1996a).  Pile-soil-pile  interaction  can  be  modelled  in 
two  ways:  with  p-y  multipliers  or  with  linear  elastic  springs. 
The  latter  considers  soil  between  piles  as  a linear  elastic 

computers.  Thus  p-y  multipliers  are  usually  used  to  aocount 
for  overlapping  shear  zones.  Experimental  values  of  p-y 
multipliers  from  centrifuge  tests  have  been  back  calculated 
for  different  pile  group  configurations  (McVay  et  al.  1996b) . 

Earlier  versions  used  a nonlinear  model  for  soil  but 
modelled  the  reinforced  and  prestressed  concrete  piles  as 
linear  elastic  materials  without  considering  cracking  effects 
of  reinforcement  and  preetresslng.  This  overestimates  the 
stiffness  of  a pile  subjected  to  relatively  high  loadings  in 
which  Che  pile  rigidity  decreases  after  cracking. 

FLPIER  nonlinear  pile  response  is  described  by  Andrade 
(1994)  and  McVay  et  al.  (1996b).  The  nonlinearity  occurs 
primarily  when  the  pile  reaches  the  maximum  bending  capacity, 
after  significant  cracking,  and  the  P-A  moments  become  a 
significant  portion  of  the  bending  capacity.  FLPIER  models 


rial  and  ge 


by 


eometric  nonllnearitiee  of  the  piles 
discrete  elements  with  12  degrees  of  freedom.  The  nonlinear 
material  behavior  is  modeled  by  user  input  or  default  stress- 
strain  curves  for  concrete,  mild  steel  reinforcement,  and 
prestresaing  steel  strands.  These  stresses  are  integrated  over 
Che  cross  section  of  Che  piles  by  Gaussian  Quadrature.  The 
program  considers  Che  tension  resistance  of  the  concrete  as 
7.S  •/t'c  and  Che  compression  portion  is  defined  by  the 
KognesCad's  parabola  and  a straight  line.  Figure  2.6  shows  Che 
default  streae-scrain  curve  for  concrete.  The  prescressing 
concrete  stress  is  the  prescressing  steel  force  divided  by  the 
concrete  area.  A prescressing  acreas-scrain  curve  for  • 270 
hsi  is  shown  in  Figure  2.7.  For  mild  steel  the  curve  is  very 
similar  but  with  a definite  yield  point  usually  at  f',-60  ksi. 


Figure  2.6 


for  Cc 


Figure  2.7  SCreae-SCraln  Curve  for  Frescreaelng  Steel. 

The  nonlinear  geometric  behavior  of  the  pile  is  modeled 
by  considering  the  P-h  effect  i.e.  the  moments  of  axial  force 
times  the  displacement  of  one  end  to  another  and  the  p-y 
effects  i.e.  the  moments  of  the  axial  force  times  the 
displacements  within  members  due  to  bending. 


2.3.3  PTC.RSD 

to  analyze  the  static  response  of  a three-dimensional  pile 
group  under  generalized  loading  with  a nonlinear  soil  response 
and  linear  pile-soil-pile  interaction,  i.e.  a hybrid  method. 
Piles  can  be  in  any  three-dimensional  configuration  «md  loads 


applied  at  any  location.  Pile  head 


pile  cap  can  be  coneidered  completely  fixed  or  pinned.  The 
eoil. 

Individual  pile  behavior  is  modeled  by  nonlinear  unit 
load  transfer  curves,  i.e.  hyperbolic  f-w  (t-s),  q-w  and  p-y 
curves.  Soil  characteriration  is  limited  for  simplicity  to 
three  parameters:  [initial  soil  modulus  in  psi) , shape 
factor  (usually  1),  and  f„  (maximum  soil  reaction  in  psi),  Ho 
coupling  among  axial,  lateral  and  torsional  behavior  for  a 
single  pile  is  considered  and  no  group  effect  is  generated  by 

The  program  employs  finite  difference  and  hyperbolic 
curves  in  order  to  generate  six  mode  curves  that  relate 

forms  a stiffness  matrix  for  each  pile  head  and  the  stiffness 
matrix  for  the  cap.  Oefcrmations  of  the  group  cap  and  at  the 
pile  head  must  be  compatible.  The  process  is  repeated  until 
convergence  is  achieved.  The  structure  under  an  external 
generalized  loading  condition  ia  in  equilibrium  with  the 
reactions  from  every  pile  head  and  compatibility  ia  maintained 
between  the  deformations  and  the  reactions  at  the  head  of  each 
pile.  When  pile-soil-pile  Interaction  is  taken  into 
consideration  a typical  pile  is  chosen  to  reduce  con^tational 
effort.  Mindlin’s  equations  are  employed  to  calculate 
additional  displacements  due  to  interaction  at  every  node  of 


typical  pile.  With 


calculated  diepls 


modified  mode  cutvea  are  generated  and  the  entire  process  is 
repeated  until  convergence. 


This  program  was  developed  by  Ensoft  (Reese  et 
al.,1990)  to  analyze  the  behavior  of  a two-dimensional  pile 
foundation  with  arbitrary  arranged  piles.  The  program  ie 
directed  principally  at  the  case  where  Che  individual  piles 
are  so  widely  spaced  chat  there  is  no  influence  of  one  pile  on 
another.  However,  p-y  multipliers  can  be  used  to  predict  the 
effect  of  pile-Boil-pile  interaction. 

lateral  response  and  soil  at  depth  determines  axial  response. 
According  to  Reese  ec  al.  (1990),  the  behavior  under  axial 
load  and  under  lateral  load  are  independent.  The  relationship 
between  axial  load  and  displacement  are  not  affected  by  the 
presence  of  lateral  deflection  and  vice  versa. 

The  program  merges  the  structural  theory  for  a pile  cap 
with  laterally  and  axially  loaded  pile  solutions.  A two- 
dimensional  arrangement  and  nondeformabilicy  of  the  pile  cap 
are  assumed  Co  reduce  the  number  of  variablee.  The  line  of 
action  of  the  resultant  external  load  may  be  inclined  or  may 
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struccure.  There  are  three  conceivable  caeea  of  pile 
connection  to  the  pile  cap;  pin  connection,  fixed  head  pile, 
and  elastically  restrained  pile. 

The  structural  theory  for  the  pile  group  uses  a numerical 
method  to  seek  compatible  displacement  of  the  pile  cap  which 
satisfies  the  equilibrium  of  the  applied  external  loads  and 
the  nonlinear  pile  reactions.  A euccessive-displacement- 
correction  method  for  obtaining  the  equilibrium  state  of  the 
applied  loads  and  the  pile  reactions  on  the  pile  cap  has  been 
developed.  The  solution  is  obtained  through  an  iterative 
numerical  procedure.  File  cap  displacements  are  transformed  to 
pile  top  displacements  and  these  to  pile  reactions.  The  sum  of 
pile  reactions  must  be  similar  to  the  applied  loads  and  Che 
displacements  at  Che  pile  cap  and  pile  Cops  must  be 
compac ible. 

The  analysis  of  Che  laterally  loaded  pile  is  made  by  the 
finite  difference  method  ueing  a discretized  beam-column  In  a 
similar  way  Co  COM€24P.  For  axially  loaded  pile  responae,  the 
program  employs  finite  difference  equations  to  achieve 
coaq>acibilicy  between  pile  displacement  and  resiecance  and 
dieplacements  at  pile  tip  and  between  load  transfer  curves 
along  Che  pile.  Additionally,  a load-settlement  curve  can  be 
used  instead  of  the  load  transfer  method, 


Ae  previously  discussed,  Che  use  of  unic  load  transfer 
curves  i.e.  t-s  and  p-y  curves  appears  to  be  a versatile  and 
practical  approach  to  represent  axial  and  lateral  nonlinear 
behavior  of  an  individual  pile.  Most  analyses  assume  chat 
axial  and  lateral  behavior  are  independent  of  one  another. 
That  is,  Che  relationship  between  lateral  load  to  lateral 
displacement  is  not  affected  by  axial  deflection  and  vice 
versa.  Transfer  curves  obtained  from  instrumentation  are 

review  presented  herein  is  only  related  to  cohesionless  soils. 

2.4.1  P-v  Ourvea  Based  on  Strain  Gage  Measurements 

differentiation  of  the  bending  moment  function  along  the  pile. 
To  compute  Che  'measured'  bending  moments,  before  and  after 
cracking,  the  measured  strains  must  be  related  to  Che 
curvatures  obtained  using  Che  nonlinear  response  from  FLPIER. 
For  a known  cross  seotion,  Che  curvatures  are  calculated  using 
a range  of  working  moments  at  Che  top  of  a 'cantiliver'  pile. 

The  measured  bending  moments  along  the  pile  oan  be  fitted 
to  polynomial  equations  using  the  least-square  polynomial 
regression  method.  Deflection  y(x)  was  obtained  by  double 


displacemencs  and  rotations  at  the  pile  head  viere  used  as 
conetants  o£  integration,  sometimes  they  were  complemented 
with  inclinometer  readings.  The  soil  reaction  p(x)  was 
determined  by  double  differentiation  of  Che  moment  curve  M(x) . 
The  resulting  p(x)  depends  on  the  fitting  curve  and  the  number 
of  points  used.  The  order  of  polynomial  to  be  fit  must  be  leas 
than  the  input  number  of  data  points. 

The  Integration  process  usually  can  be  solved  without 
difficulties  with  Che  boundary  conditions  measured  but  the 

accurate  bending  moments  are  measured.  However,  curve  fitting 
can  give  acceptable  results  (Reese,  1979). 

A family  of  bending  moments  was  obtained  for  every 
instrumented  pile  during  the  load  tests;  bending  moments  are 
considered  proportional  to  measured  strains  and  pile  rigidity. 

2.4.2  P-v  curves  Baaed  on  Inclinometer  Readings 

Inclinometer  measurements  are  used  to  determine  pile 
rotations  and  deflections  as  a function  of  depth  for  every 
load  increment.  They  also  can  be  used  as  a complement  of 
strain  gage  measurements  to  calculate  the  Constance  of 
integration  for  the  p-y  curves.  A third  degree  differentiation 


A method  that  utilizes  aquation  2.3  waa  implemented  in  a 
apreadaheet  to  obtain  p-y  curves.  The  procedure  follows  the 
COM624P  finite  difference  solution  dividing  Che  pile  in  equal 
segments;  applying  boundary  conditions  at  Che  Cop  and  at  Che 
bottom  of  the  pile,  for  the  case  when  the  lateral  load  and 
moment  M,  at  Che  Cop  of  the  pile  are  known.  Soil  modulus  is 
modified  for  each  segment  until  the  actual  pile  deflection  is 
as  close  as  possible  to  the  deflection  obtained  from 
inclinometer  readings. 

For  cohesionleas  soils,  the  inclinometer  readings  also 
can  be  used  together  with  Che  non-dimensional  coefficients 
method  presented  by  Matlock  and  Reese  to  calculate  p-y 
curves.  This  method  aesumes  that  the  soil  modulus  is  a 
function  of  depth  and  the  pile  behavea  ae  a long  pile;  i.e.. 

of  Che  casea  a simple  linear  variation  is  used. 


The  non-dimensional  coefficienta  due  to  shear  and  moment 


ily  of  a depth  coefficient  Z which  ii 
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x/T.  These  coefficients  for  Es  proportional  to  depth  are 
available  (Matlock  and  Reese,  1960). 

2.4.3  T-t  Curves  baaed  on  Strain  Gages  Measurementa 

The  axial  load  transferred  to  Che  soil  also  can  be 
represented  by  a series  of  iiiechanisme  along  any  pile.  Load- 
distribution  curves  along  pile  depth  can  be  obtained  from  an 
instrumented  pile  under  axial  loads.  The  slope  of  these  curves 
divided  by  the  perimeter  of  the  pile  produces  the  unit  load 
transfer  at  a certain  depth  l.e.  discretizing  the  pile  in 
segments  is  Che  difference  in  axial  load  between  Che  top  and 
the  bottom  of  the  segment  divided  by  the  surface  of  the  shaft. 
The  deformation  is  the  strain  times  Che  segment  length  (&x) 
i.e.  the  compression  of  the  pile  subtracted  from  the  top 
movement.  Repeating  computations  for  each  load  produce  curves 
that  represent  the  load  transferred  to  the  soil  versus 
vertical  movement  at  certain  points  along  Che  pile.  Load  and 
deformation  are  proportional  to  AE  as  shown  in  equation  2.6. 
These  transfer  curves  are  commonly  presented  as  t-z  curves, 
where  t is  the  ratio  of  the  load  transfer  to  shear  strength. 

R = (A  B|  e (2.6) 


(2.7) 
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B,  and  E;  are  Che  moduli  of  elasticity  of  steel  and 
concrete  respectively. 


2.5  Load  Transfer  Curves  Based  on  In  Situ  Teats 

In  situ  tests  can  be  used  directly  or  indirectly  to 
determinate  more  accurate  load  transfer  curves.  P-y  curves  can 
be  estimated  indirectly  through  standard  penetration  teste 
(SPT)  and  cone  penetration  teats  (CPT)  and  directly  through 
Marchetti  dilatometer  teats  (DMT)  and  preaauremeter  teats 
(PMT) . According  to  Campanella  et  al.  U9B9),  the  latter  can 
provide  better  predictions  of  lateral  pile  response.  SPT  and 
CPT  data  as  a direct  approach  can  make  only  a partial 
contribution  to  lateral  pile  behavior.  Perhaps,  CPT  can  be 
related  to  the  pressuremeter  test  (PMT)  which  involves 
enlarging  a cylindrical  cavity  (Schmertmann,  1978) . 

Robertson  et  al.  I198S)  and  Gabr  and  Borden  (1988) 
proposed  different  methods  to  calculate  p-y  curves  from  the 
DMT;  both  methods  calculate  the  ultimate  lateral  resistance 
from  the  internal  friction  angle  «.  However,  Oabr  and  Borden 
(1988)  recomnend  the  CPT  method  to  calculate  » in  conjunction 
with  his  method  because  Schmertmann 's  DHT  procedure  to 


In  the  PKT  the  soil  defocma  In  a radial  direction  while 
in  a laterally  loaded  pile,  the  soil  in  the  back  face  will 
tend  to  follow  the  pile  and  only  in  the  front  face  Che  soil 
deforme  elmilarly  Co  the  PMT;  it  is  reasonable  to  suppose  that 
the  geometric  form  of  the  expansion  curve  obtained  from  the 
PKT  would  be  similar  to  the  p-y  curve  acting  on  the  front  face 
of  Che  pile.  The  uniform  radial  expansion  in  Che  PMT  theory 

to  the  lateral  moving  pile.  Several  methods  have  been  proposed 
for  the  design  of  laterally  loaded  piles  using  pressuremeter 
data.  Most  of  these  methods  used  Che  pre-bored  pressuremeter 
that  does  not  model  Che  disturbance  caused  during  pile 
installation.  Robertson  ec  al.  (1985)  used  the  results  from  a 
full-displacement  pressuremeter  to  define  nonlinear  p-y 
curves.  According  to  their  experience,  Che  results  provide  an 
excellent  con^rison  with  lateral  pile  load  test  measurements. 

The  moat  important  parameters  that  determine  the  p-y  curve 
geometric  form  and  magnitude  in  cohesionless  soils  are  the 
soil  modulus  of  subgrade  reaction  (that  is  related  to  Che 
initial  slope  of  Che  curve)  and  the  ultimate  soil  resistance. 

2.5.1  Reese.  Cox,  and  Koon  Method 

Reese  et  al.(1984)  performed  a series  of  lateral  load 
tests  on  steel  piles.  These  tests  were  conducted  in  sand  below 
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Che  waCer  Cable  aC  MusCang  Island,  Texas,  In  1974.  They 
BuggesCed  a well  known  procedure  to  compute  p-y  curves  on  sand 
ICOM£34F).  The  curve  is  defined  based  on  pile  diameter,  soil 
modulus  and  ultimate  soil  resistance. 

The  ulCimaCe  soil  resistance  must  be  the  smaller  of  Che 
given  equations: 

Passive  wedge  type  failure  equation; 


(2.8) 


Lateral  flow  around  type  of  failure  equation; 


* b V X tan*  tsn'B  (2.9) 


a -»/2,  B-  4S-»*/2,  Ko.0.4,  and  Ka-Can> (45-*/2)  . 


The  initial  portion  of  the  curve  is  defined  by  the  soil 
modulus  K (pci).  For  submerged  sand  according  to  its  density 
they  suggested  20  pci,  60  pci,  and  125  pci  for  loose,  medium, 
and  dense  sand  respectively.  Unit  weight  and  internal  friction 
angle  should  be  modified  for  sand  above  Che  water 


table. 


:,5.2  O'Helll  and  Murchison  Method 


O'Neill  and  Murchison  U9S3)  proposed  a hyperbolic  tangenc 
function  to  describe  the  p-y  curves  in  sand.  The  equation  is 
given  by 


(2.10) 


I)  is  a pile  shape  factor  (1  for  prismatic  piles),  and 
A is  an  empirical  static  loading  factor. 

The  ultimate  soil  resiatance  must  be  the  leaser  value  of 
the  given  equations; 

The  characteristic  shapes  of  the  p-y  curves  computed  with 
Reese  and  O'Neill  methods  are  very  similar,  the  major 


diff« 


the  compute 


ultimate 
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Robercson  ec  al.  (1989)  described  a method  for  estimating 
p-y  curves  for  displacement  piles  directly  from  the  raw.  They 
employed  a Matlock  cubic  parabola  to  predict  P-y  curves,  which 
has  the  form; 


-f  = 0.5  {JL) 


P is  lateral  soil  resistance, 

Pg  is  the  ultimate  lateral  soil  resistance  (Che  lesser 
value  given  by  equations  2.12  and  2.13), 
y is  Che  lateral  pile  deflection,  and 
ye  is  the  reference  pile  deflection. 

The  reference  pile  deflection  for  cohesionlesB  soils  is 


* is  the  internal  friction  angle, 

o>  is  Che  vertical  effective  stress  at  depth  x, 

B,  is  Che  dilacometer  modulus,  and 

P,  is  Che  empirical  stiffness  factor  (between  1 and  2). 
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Gabr  and  Borden  <1988)  proposed  a model  to  evaluate  the 
coefficient  of  lateral  subgrade  reaction  )Chs  from  the  DWT.  They 
used  the  same  continuous  hyperbolic  tangent  function  as 
O'Neill  and  Murchison  (1983  equation  2.10)  with  the  only 
difference  being  that  is  calculated  from 


= 0.376  » 0.095  Kj  - 0.00461  (— ) (2.17) 


half  blade  thickness  is  0.27  in  <6.85  mm), 

K.,  is  the  lateral  stress  coefficient  at  rest, 
K„  is  the  dilatometer  lateral  streaa  index, 
qc  is  the  cone  point  resistance,  and 
Ot  is  the  effective  vertical  stress. 


Robertson  et  al,  <1985)  suggested  a method  that  uses  the 
results  of  a pushed-in  preasuremeter  to  evaluate  p-y  curves  of 
a driven  displacement  pile.  They  multiplied  the  pressure 
component  of  t)ie  PMT  curve  k)y  an  o factor  to  obtain  the 


correct  p-y  curve.  This  factor  Is  applied  to  the  pressure 
component  of  the  PMT  expansion  curve.  The  critical  depth  is 
assumed  to  be  four  pile  diameters  as  shown  in  Figure  2.S. 

Robertson  et  al.  reduced  a near  the  surface  assuming  that 
the  response  is  affected  by  the  reduced  vertical  stress.  To 
obtain  the  p-y  curve,  the  pressuremeter  curve  is  translated  to 
the  lift  off  pressure  that  is  equivalent  to  the  Initial 
lateral  stress  around  the  pile,  The  stress  is  multiplied  by 
the  pile  width  and  the  strain  component  {AR/R)  is  multiplied 
by  the  pile  half  width.  For  small  strain  conditions  (SR/R)  is 
equal  to  (hV/2V) . 


Figure  2.8  CPHT  Multiplying  Factor  (Robertson  et  al.,1985). 


Briaud  et  al,  (19B4)  proposed  that  the  deflected  shape  of 
a laterally  loaded  pile  depend  on  normal  and  shear  stresses 
between  the  pile  and  the  soil.  Thus,  the  soil  resistance  is 
the  sum  of  the  front  resistance  load  (Q)  and  the  friction 


: the  applied  pressure  from  PMT, 

B the  horizontal  stress, 

: the  pile  diameter, 

.s  the  normal  shape  factor  <1  for  square  piles), 
is  Che  shear  shape  factor  (2  for  square  piles), 
s the  average  shear  strength, 

and  a,  are  the  initial  pressuremeCer  radio  and  Che 


pile  rigidity. 


soil  resistance  f: 


pressuremeter  curve  is  reduced  by  a (3  factor  for  pressures 
above  30  a„  (sands)  and  Che  front  resistance  is  reduced  by  an 
a factor  above  the  critical  depth. 

They  developed  a computer  program  PYPHT  using  pre-bored 
and  self'bored  pressuremeter  results  for  bored  piles.  However, 
for  driven  piles  they  suggested  using  Che  reload  curve.  When 
using  the  CPMT,  it  is  better  to  use  the  reload  curve  instead 
of  the  Initial  portion  of  the  curve. 

Schmertmann  (1978)  suggested  that  the  CFT  can  be  related 
to  the  FHT  for  lateral  loading.  He  presented  some  correlations 
that  relate  g,  (cone  resistance)  to  Young's  modulus,  E,  and  to 
Che  pressuremeter 's  limit  pressure,  Pi,  for  sands  and  clays. 
Figure  2.9  shows  an  approximate  p-y  curve  with  two-line.  A 
guide  for  estimating  and  Pi,  is  presented  in  Table  2.1  and 
equation  2.22  for  flexible  piles. 


Figure  2.9  P-y  Curve  from  CPT  Correlation  (Schmertmann, 1978) . 


(2.22) 


Pi.  ie  qe  /lO  5c  /S  for  dense  and  loose  sand, 

E is  qe /I  or  q.  /l.S  for  dense  and  loose  sand,  and 
D is  pile  diameter. 


Table  2.1  Menard’s  Estimate  of  E/K„  in  kg/cm’ 
(Schmertraann,  1978) 


Pile  Diameter  (on 


The  p-y  curves  derived  from  SPT  N values  utilize  the 
correlations  presented  in  Table  2.2  and  Reese's  ultimate  soil 
resistance  according  eijuations.  The  angle  of  internal  friction 
ie  the  average  from  the  surface  to  the  depth  of  the  p-y  curve. 
These  curves  utilize  K as  the  initial  slope  and  a hyperbolic 


43 


Table  2.2  SFT  H Value  Correlations  for  Coheaionlesa  Soils 


2.S.5  T-z  Curves  Based  on  Soil  Propertlea 

FLPIER  models  the  axial  pile-soil  interaction  as  a series 
of  sixteen  equally  spaced  nonlinear  springs  i.e.  t-z  curves, 
The  t-z  curves  are  represented  by  a nonlinear  hyperbolic 
equation  presented  by  Mcvay  et  al,  (1989)  . 


to  is  Che  radius  of  the  pile  (D/2) , 

r,  is  the  radius  outward  where  the  shear  stress  is 
negligible  or  zero,  L is  Che  pile  length,  ii  Is  the  Poisson's 
ratio  of  the  soil  usually  0.3 


U-M) 


(Randolph  and 


0.  is  the  soil  shear  modulus  at  Che  L/2, 

Gc  is  the  soil  shear  modulus  at  the  pile  tip. 


I,  is  the  shear  stress  at  the  pile-soil  interface, 
I,  is  the  failure  shear  stress, 

R,  is  the  hyperbolic  constant  usually  1.0,  and 
0,  is  the  initial  soil  shear  modulus  (Table  2.3). 


The  soil  tip  resistance  is  modeled  by  a single  nonlinear 
spring  at  the  base  of  Che  pile  (McVay  et  al.  19B9) . The  base 
of  the  pile  is  modelled  as  a rigid  punch  at  a finite  depth. 
The  nonlinear  spring  at  the  pile  tip  is  represented  by 
equation  2.24. 


is  the  mobilized  tip  load,  and 
p,  is  the  failure  tip  load. 

Pile  driving  usually  causes  a densification  of  the  sand 
close  CO  Che  pile.  In  situ  post-driving  tests  may  be  necessary 


to  characterize  aoil  properties  and  the 
the  pile  vicinity  in  order  to  evaluate  load  transfer 
mechanleme  in  sands.  However,  they  are  difficult  to  performed 
and  their  response  must  be  related  to  pre-driving  in  situ 
testa.  Averaged  CPT  friction  resistance  is  used  directly  Co 
determine  Che  failure  shear  stress,  t(  in  Che  vicinity  of  the 
pile.  CPT  cone  resistance  can  be  used  to  determine  pile  end 
bearing.  The  initial  shear  modulus  is  calculated  using  SPT  N 
values  as  shown  in  Table  2.3  or  indirectly  by  a 
correlation  (Casper,  1995). 

Pile  failure  shear  stress  and  failure  tip  stress  are 
based  on  SPT  N correlations  proposed  by  Schmercmann  in  FOOT 
Research  bulletin  121.  These  correlations  are  presented  in 
Table  2.4. 


Table  2.3  Initial  Shear  Modulus  for  Sand 


Initial  Shear  Moduluc 


Restrictions 


Table 


End  Bearing 


4S 


CHAPTER  3 


IN  SITU  SOIL  TESTS  AT  PROJECT  SITE 
3.1  Introdueclon 

Soil  ia  a complex  material  with  great  variability  due  to 
a combination  of  geologic,  environmental,  and  chemical 
proceaaee  making  soil  modeling  a difficult  task.  This 
variability  and  in  situ  stress  conditions  have  lead  to  the 
adoption  of  in  situ  teats  as  an  appropriate  method  to 
determine  soil  properties  for  discrete>spring  models. 

Determination  of  soil  properties  can  be  based  on  in  situ 
soil  tests  by  a direct  approach,  indirect  approach  or  a 
combination  of  both.  The  direct  approach  evaluates  foundation 
performance  mostly  by  empirical  methods  directly  from  in  situ 
measurements  without  calculation  of  any  intermediate  soil 
parameters.  The  indirect  approach  leads  to  more  rational 
design  methods  by  correlating  in  situ  results  with  common 
parameters  such  as  friction  angle,  shear  strength,  unit 
weight,  relative  density,  etc.  These  parameters  are  then 
applied  to  boundary  solution  problems  (Campanella  St  al.. 


rally  loaded  piles. 


'default  methods'  euch  as  those  proposed  by  Reese  et  al. 
(1974)  or  O'Neill  et  al.  U9B3)  are  often  used  together  to 
determine  p-y  curves  for  sand.  However,  results  obtained  by 
using  the  'default  p-y  curves'  are  highly  dependent  on  the 
correct  adoption  of  soil  parameters  and  in  most  cases  can 
predict  excessive  deflections  and  moments  for  the  actual  in 
eitu  soil  conditions  leading  to  higher  costs  in  the  design, 
Four  in  situ  test  types  were  selected  to  determine  soil 
properties  at  the  project  site:  standard  penetration  test 
(SPT) , cone  penetration  test  (CPT),  dilatometer  test  (CMT), 
and  cone  pushed-in  pressuremeter  test  (CFHT) . The  selection 
was  based  on  availability,  versatility,  suitability  for  soil 
type,  and  literature  recommendations  for  laterally  loaded 
piles. 

hll  of  these  tests  have  advantages  and  disadvantages  with 
respect  to  one  another.  SPT  is  the  most  common  in  situ  test 
that  can  approximate  soil  resistance  with  dynamic  penetration 
and  obtain  a disturbed  sample  of  the  soil.  Even  though  there 
are  many  sources  of  errors  that  limit  its  use,  the  SPT  N value 
can  be  used  as  an  index  parameter  to  determine  the  approximate 
strength  and  compressibility  of  coheeionless  soils  for 
preliminary  design  purposes.  SPT  can  be  unconservative  on 
soils  containing  coarse  gravels,  cobbles  or  boulders. 

CPT  provides  a ra 


apld  method  to  determine  the  soil  profile 
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and  estimate  engineering  properties  with  almost  no  influence 
of  test  personnel.  The  most  useful  parameters  measured  by  the 
test  are  the  tip  resistance,  <u-  and  side  resistance,  f,.  CPT 
is  more  reliable  than  SPT  and  is  becoming  a more  popular  test 
in  recent  times.  However,  for  cemented  sands,  SPT  tends  to 
break  down  cementitious  bonds  between  soil  particles  during 
testing  similar  to  pile  driving  while  CPT  produces  less 
disturbance  during  testing  resulting  in  abnormally  high 

Pressuremeter  tests  can  be  used  to  determine  in  situ 
stress,  deformability,  and  strength.  PXT  has  a significant 
advantage  for  the  design  of  deep  foundations  because  of  the 
relation  of  these  foundation  to  the  in  situ  horizontal  stress 
(Kulhawy  and  Mayne,  1990(.  The  cone  pushed-in  pressuremeter 
is  a more  recently  type  and  can  be  operated  more  quickly 
without  the  need  of  a prehored  hole. 

Finally,  dilatometer  teste  have  been  correlated  to  many 
soil  properties  and  can  provide  a reasonable  estimate  of  the 
horizontal  stress  and  the  overconsolidation  ratio.  DMT  seems 
to  be  very  useful  within  the  elastic  behavior  range  of  soil. 
The  blade-like  shape  reduces  the  shear  and  volumetric  strain 
associated  with  other  penetration  testa.  CPT,  PMT,  and  DMT  can 
be  performed  in  a wide  range  of  soils.  However  , they  can  not 
be  used  to  penetrate  very  hard  soils  or  gravel  (SPT  N > 40)  or 
to  obtain  soil  samples. 


Prelimi] 


In  Situ  Soil  Tests 


In  addition  to  the  SPT  teats  from  Law  Engineering 
(1989),  the  University  of  Florida  has  performed  Cone 
Penetration  (CPT) , Dilatometer  (DMT),  and  cone  pushed-in 
PresBuremeter  testa  [PMT)  at  the  project  site.  The  cone 
pu8hed-in  pressuremeter  was  modify  by  welding  a 2 mm.  thic)t 
ring  between  the  cone  end  the  pressuremeter  section  as  a 
friction  reducer  to  protect  the  Chinese  lantern.  The  friction 
reducer  ring  creates  a larger  cavity  that  modifies  the  typical 
expansion  curve  for  a pushed-in  PMT.  To  compensate  for  this, 
the  origin  must  be  translated  as  in  the  pre-bored  PMT  or  the 
resulting  PMT  curve  is  obtained  after  the  reload.  Thus,  Che 
initial  modulus  is  similar  to  the  slope  of  the  reload  curve. 
This  reload  modulus  is  very  sensitive  to  Che  cate  of  loading 
and  the  number  of  readings  taken  during  the  unload-reload 
cycle.  The  PMT  reload  modulus  is  calculated  by  equation  3.1. 
Data  were  corrected  by  membrane  stiffness,  system 
coo^ressibilicy,  and  hydraulic  head. 


Preliminary  in  situ  tests  were  performed  close  to  Pier  19 
and  Che  north  abutment  bent  with  the  UP  Cone  truck.  Prior  to 
Che  test  at  Pier  16  N,  Che  UP  group  proof-tested  the  Cambridge 


r 

eelf-boring  preaeuremecer  trailer  and  equipment  at  Pier  18 
South;  in  particular  a newly  modified  CPT  depth  counter.  The 

impossibility  of  using  the  cone  truck  on  the  pile  cap.  These 
testa  showed  that  the  CPT  could  not  penetrate  the  stiff 
cemented  sand  layer  at  a depth  of  about  IS  - 20  feet  due  to 
insufficient  reacticn  for  pushing  and  the  limiting  capacity  of 

Pier  18  S show  a marked  Increase  in  cone  bearing  and  friction 
resistance,  and  PMT's  limit  pressure  in  the  sandy  layer. 

Figure  3.1  shows  the  anchor  post-driving  system  to 
transfer  a maximum  of  2S  kips  uplift  force  to  the  pile  cap 
through  the  rebar  anchors  (Vergara,  1982) . This  system  was 
implemented  and  improved  at  Pier  18  South  prior  to  the  tests 
at  Pier  16  North.  Six-in  diameter  PVC  holes  were  placed 
through  the  concrete  pier  caps.  Six  H in.  anchor  bars  were 
left  in  Che  pile  cap  to  transfer  the  load  to  the  cap  through 
an  I beam.  The  plan  Co  prevent  the  cone  rods  from  buckling  due 
to  Che  unsupported  length  in  the  pile  cap  was  (1)  to  place  the 
rods  and  penetrate  with  the  cone  until  the  friction  reducer  is 
in  the  ground,  (2)  place  four- in  PVC  pipes  to  Che  mudline,  and 
(3)  then  backfill  Che  PVC  pipes  with  sand.  This  technique  was 

Appendix  A presents  in  situ  test  details  at  Che  project 
sice.  Figures  A.l  and  A. 2 show  a plan  view  and  the  profile  of 
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SPT  boring  logs  respectively  performed  by  Law  Engineering. 
Figures  A. 3 thru  A. 8 show  the  CPT  profiles  at  Pier  19,  North 
Abutment  and  Pier  18.  Figure  A.  9 shows  interpreted 
geotechnical  parameters  from  DMT  at  Pier  19,  Figure  A.  10  shows 

Figures  A. 11  thru  A. 13  show  pressuremeter  corrected  curves  at 
Pier  19,  North  Abutment,  and  Pier  18  respectively.  Tables  A.l 
thru  A, 7 show  CPT  and  DOT  soil  interpretation  for  Che  profiles 
shown  above , 


Pigui 


;-drlving  Sys 


In  Situ  Teaca  at  Pier  16  North  and  Vicinity 


The  procesB  of  pile  installation  in  a group  apparently 

increasing  the  side  resistance  capacity.  Thus,  pre-driving  and 
post-driving  in  situ  teats  were  performed  to  establish  a 
relationship  with  pile  performance  at  Pier  16  North. 

According  to  the  preliminary  SPT  tests  at  the  vicinity  of 
Pier  16  N before  pile  driving,  the  soil  profile  consists  of 
the  following: 

A surface  layer  of  slightly  silty  fine  sand,  with 
occasional  shell  fragments.  The  layer  thickness  ranges  from  10 
to  15  feet,  SPT  N values  between  4 and  26  and  between  30“ 
and  38°. 

Onderlying  the  loose  layer,  a partially  cemented  fine 
sand  with  discontinuous  layers  of  weakly  cemented  to  cemented 
sandy  limestone.  SPT  N values  range  between  12  and  100*  and  * 


A schematic  view  of 
in  Figure  3.2.  Cone  PMT, 
16  North  before  and  aftei 


he  in  situ  test  arrangement  is 
IPT,  and  DMT,  were  performed  a 
pile  driving.  The  SPT  N value 


obtained  frc 


I CPT  correlations 
and  SPT  profiles 
and  B readings,  at 


and  by  a PDOT  c 


noduli 


for  both 


iditione, 


The  test  site  has  about  six  feet  of  water  and  two  well- 
defined  layers  of  cohesionleas  soil.  A loose  layer  of  fine 
sand  underlain  by  a layer  of  partially  cemented  sand  Chat  is 
difficult  to  penetrate  with  the  truck  or  trailer. 

A trestle  waa  used  for  Che  pre-driving  in  situ  teats  at 
the  test  pile  group  site.  Four  five-foot  steel  casings  filled 
with  sand  were  used  to  prevent  the  rods  from  bucking.  The 


filled  aftei 
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re  3.3  CPT  and  SPT  N Values  Before  and  After  Pile 
Driving  at  Pier  16  North. 


Figure  3.4  Dilatometer  Corrected  Readings  Before  and  After 


Figure  3.S  Cone  FMT  Modulus  and  Limit  FresBure  Before  and 
After  Pile  Driving  at  Pier  16  North, 


le  Truck  over 


59 


:,2  PoBt-drlving  In  Situ  Teats 


The  Law  Engineering  report  of  Pile  Group  effect 
evaluation  <1995)  baaed  on  PDA  and  CAPWAP  showa  that  the  skin 
friction  resistance  increases  a loot  due  to  denaification  of 
the  sand  around  the  pile  by  the  driving  of  all  the  piles  in  a 
group. 

A representative  CPT  post-driving  profile  Is  shown  in 
Pigure  A. 20  and  its  interpretation  is  presented  in  Table  A. 10. 
Table  A. 11  presents  DMT  interpreted  geotechnical  parameters 
and  figure  A. IS  shows  the  DMT  profile  within  Pier  IS  H,  Figure 
A. 21  shows  PMT  corrected  corves  for  different  depths.  Finally, 
Table  3.2  presents  a summary  of  geotechnical  parameters 
obtained  from  in  situ  tests  after  pile  driving. 

Comparing  pre  and  post  driving  values  for  Che  upper 
layer,  the  tip  resistance  increased  by  a factor  of  3 to  4 and 
the  friction  resistance  by  6 to  8 . The  friction  ratio  was 
between  1.2  and  2.  The  SPT  N values  correlated  from  CPT 
according  to  Robertson  et  al.  increased  2.5  times.  AC  this 
time,  SPT  tests  were  not  performed  after  pile  driving  to 
correlate  them  to  the  pre-driving  testa.  The  dilatometer 
corrected  readings  increased  by  a factor  2 to  3,  the  DHT 
modulus  (Eo)  by  2 to  3 and  Che  horizontal  stress  index  (Ko)  by 
4 to  S.  The  pressuremster  modulus  <E«)  and  the  pressure  limit 
(P,.)  increased  between  5 to  a times.  The  cemented  sand  layer 


marked  increase, 


Table  3.2  Poac-driving 


CHAPTER 


LATERAL  LOAD  TEST  PROGRAM 

Presented  in  this  chapter  are  the  test  layouts, 
procedures,  instrumentation,  and  observations  of  the  lateral 
load  tests  for  the  single  pile  and  Che  test  pile  group. 


Originally,  it  was  planned  Co  lightly  jack  apart  piers 
14  North  against  14  South.  However,  in  order  to  obtain 
meaningful  data  these  piers  should  be  pushed  close  to  failure, 
causing  irreversible  damage  to  Che  piles.  Consequently,  Che 
test  program  was  redesigned  to  fall  a sacrificial  free  headed 
pile  group  using  a fixed  headed  group  for  reaction, 
considering  that  a free  headed  pile  group  will  deflect  much 
more  under  a given  load  chan  a fixed  head  pile  group. 
Finally,  Pier  16  North  was  selected  as  Che  reaction  pier 
assuming  chat  sufficient  reaction  force  would  be  available  to 
fail  the  test  group.  Different  scenarioa  were  analyzed  Crying 
Co  predict  Che  behavior  and  recommend  a pile  group 
configuration  reaching  an  optimum  condition,  i.e.  complete 


faili 


pile  group 


the  reaction 


group.  In  Che  five  scenarios  considered  Pier  IS  North  [fixed 

Scenario  A - 4 x 4 pinned  30'  pile  teat  group. 

Scenario  B - 3 x 5 pinned  30'  pile  teat  group. 

Scenario  C - 4 X 4 pinned  30'  pile  test  group,  similar  Co 

scenario  A with  reduced  prescress  force  in  piles. 

Scenario  D - 4 x 3 pinned  30"  pile  test  group. 

Scenario  E - 4 x 4 pinned  24"  pile  test  group. 

PLPIER  with  its  non-linear  option  for  prestressed  concrete 
piles  was  used  to  re-analyze  Che  different  scenarios.  Soil 
properties  chat  approximate  lateral  pile  defleotion  in  a 
preliminary  report  Cor  a single  30  inch  pile  were  considered 
(Hoyt,  1994).  Figure  4.1  presents  the  load  deformation 
response  for  the  entire  group  and  Figure  4.2  presents  the  load 
deformation  response  for  a pile  in  the  leading  row.  Finally, 
after  reviewing  the  different  scenarios  with  their  advantages 
and  disadvantages,  FDOT  I11/2B/94)  selected  scenario  A 
increasing  Che  total  load  to  1000  kips  or  about  75  kips  per 
pile  in  the  leading  row.  This  decision  was  baaed  on  pile 
dimension,  group  configuration,  construction  concerns,  and 
crying  to  not  alter  the  original  project.  Note  that  a load  of 

about  4 times  the  deformation  in  the  reaction  pier. 


of 


ROOSEVELT  BRIDGE  - TOTAL  GROUP  LOAD 

DIFFERENT  ALTERNATIVES 


-2  L 


load  Te 


The  program  conslated  of  Cwo  fully  insCrumented  lateral 
load  teste:  a single  isolated  30  inch  pile  and  a sacrificial 
sixteen  pile  group.  Both  tests  were  performed  using  Pier  16 
North  as  a reaction.  Instrumentation  consisted  of  a total  of 
17  steel  pipes  (40  ft.  length)  and  a total  of  648  strain 
gages.  A schematic  plan  view  of  both  tests  is  provided  in 
Figure  4.3.  Information  such  as  lateral  and  vertical 
deformations,  bending  and  axial  strains,  forces  per  pile, 
vertical  and  horizontal  pile  cap  rotations,  etc,  are  presented 
in  Appendix  fi,  C,  and  D. 

4,2,1  Single  Pile  Teat  Layout 

The  single  isolated  pile  load  test  consisted  of  a fully- 
instrumented  30  inch  preatreased  concrete  pile  that  was  loaded 

pile  under  constant  or  decreasing  load.  This  prestressed 
concrete  pile  was  voided  with  a 18"  PVC  pipe.  A 14"  steel  pipe 
<3/8"  thick)  and  a slope  inclinometer  casing  were  inserted 
into  the  void  and  grouted  into  the  pile  after  driving.  Spacers 
were  attached  to  the  inserted  pipe  and  the  casing  to  ensure 
proper  centering  in  the  pile.  The  instrumented  pipe  had  9 
levels  of  strain  gages  (only  for  bending)  attached  to  the 
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outside  surface  and  placed  every  36  inches  below  the  raudline 
except  Che  last  one  at  72  inches-  Every  level  had  four  gages 
i.e,  full  bridge  configuration  with  cables  connected  Co  a 
terminal  strip  at  each  level.  Lead  wires  ran  through  Che  14 
inch  pipe  to  Che  data  acquisition  system,  Deflections  and 
slopes  at  Che  top  of  the  pile  were  measured  with  the  slope 
inclinometer  and  two  potentiometers.  Figure  4.4  presents  a 
schematic  layout  of  Che  single  pile  load  test  with  Che  soil 
properties  estimated  from  in  situ  soil  tests  at  pier  vicinity. 

4.2.2  Pile  Group  Test  Layout 

The  load  test  pile  group  consisted  of  sixteen  30  inch 
sacrificial  piles  Chat  were  subjected  to  1080  kips  using  Pier 
16  North  as  a reaction.  The  sacrificial  pile  group  had  10 
fully  instrumented  piles  with  the  same  instrumentation  as  Che 
single  pile  (pinned  head) ; while  the  reaction  group  had  6 
piles  fully  instrumented  (inclinometer  and  7 levels  of  strain 
gages).  In  addition  to  the  original  strain  gages  for  bending, 
each  level  of  Che  reaction  group  piles  had  pairs  of  quarter 
bridge  strain  gages  that  were  added  to  measured  Che  axial 
deformations.  Figure  4.5  presents  a schematic  view  of  the  pile 
groups  and  the  soil  characteristics  estimated  from  in  situ 
tests  performed  between  pier  16  north  piles. 


SINGLE  PILE  AND  SITE  CHARACTERISTICS 


re  4.4  Profile  of  the 
Characterifltica 


Single  File  and  Soil 
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The  reaction  pier  is  connected  though  an  81  inch  thick 
concrete  cap  that  "fixed’  the  piles  heads  against  rotation 
while  the  sacrificial  or  pinned  pile  group  was  connected  by  a 
steel  frame.  One  of  the  difficulties  is  to  establish  pile-head 
conditions  for  pier  16  N in  the  field  to  stimulate  those  of 
the  foundation  that  is  being  designed;  ground  clearance  was 

to  facilitate  load-transfer  interpretation;  all  loads  applied 
to  the  cap  are  resisted  by  the  piles  only  (no  friction] , there 
was  about  2.S  feet  between  the  mudline  and  the  pile  cap. 

Deformations  and  rotations  at  the  top  of  the  piles  were 
measured  using  slope  inclinometer  readings  and  potentiometers. 
Applied  total  loads  were  measured  with  a 500  ton  load  cell  and 
individual  loads  were  measured  with  thirteen  SO  ton  load  cells 
on  every  instrumented  pile,  Vertical  and  horizontal  movements 
were  measured  at  the  pile  cap  corners  assuming  Pier  16  South 
as  a reference  i.e,  did  not  move  during  the  test.  Bending  and 
axial  strains  were  recorded  in  six  of  the  sixteen  piles  in 
pier  16  north;  only  bending  strains  were  recorded  in  ten  of 
sixteen  piles  in  the  sacrificial  pile  group.  These  readings 
are  presented  in  Appendices  C and  D.  All  this  instrumentation 
is  shown  in  Figure  4.3. 


4.3.3  Pile  Croas  Section 

The  pile  cross  secclon  and  some  material  specifications 
for  instrumented  piles  in  the  sacrificial  group  and  reaction 
group  are  presented  in  Figure  4.6.  The  pile  rigidity  (E  I) 
for  the  pinned  head  section  was  340  10‘  hip-inch’  and  33S  10  ‘ 
kip-inch’  for  the  fixed  head  section.  The  cracking  moment  was 
considered  7000  kip-in  and  the  ultimate  moment  12S0O  kip-ln. 
Concrete  (Cement  Claes  V) : f '^  - 6000  psi  (design  at  28  days]  . 
However.  Che  piles  were  submerged  for  more  than  10  months 
before  the  test.  According  to  Nilson  (1987),  f's.jM  - 1.15 
f't.jii  - '7200  psi  and  E«  • 4836  ksi. 

Prestressing  steel  : ASTH  A-416  Grade  270  Low  relaxation  with 
a prestressing  stress  after  all  losses  of  193.4  ksi. 

24  tt  k"  0 (strand  area  0.167  in’)  at  32  300  lbs.  each. 


Fixed  Head  Pile  Cross  Se 


Pinned  and 
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The  behavior  of  Che  surrounding  soil  and  Che  pile  iceelf 
could  be  discerned  by  analyzing  the  instrumentacion  data 
through  monitoring  loads,  diaplacemenca,  strains  and  shapes 
with  Che  InsCruments  described  in  this  section. 


The  strain  gages  were  installed  on  the  exterior  of  Che 
pipes  by  Measurements  Group,  Raleigh,  N.C.  The  gages  were 
calibrated  prior  Co  Che  installation  considering  Che  flexural 
rigidity  of  Che  steel  pipe  cross  section.  The  gages  used  for 
bending  strains  were  MM  CEA-06-500UW-350  gages  (full  bridge) 
and  for  axial  load  were  MM  CEA-06-SD0OH-350  gages  (guarter 
bridge).  The  strain  gages  were  bonded  to  the  pipe  surface  with 
M-BOHD  200  adhesive  and  protected  with  M-COAT  D.  Originally, 
CBA-06-500UH-120  gages  were  Specified  in  a full  bridge 
configuration  i.e.  four  gages  per  level.  However,  it  was 
decided  that  350  ohm  gages  could  give  more  accuracy  due  to  Che 
higher  excitation  voltage.  Since,  there  were  11  instrumented 
pinned  piles  (lOtl)  in  both  teats  and  6 instrumented  piles  in 
the  reaction  group  with  9 and  7 levels  each,  respectively, 
there  are  141  levels  of  bending  strain  gages  and  42  levels  of 


Bach  bending  gage 


pair  of  gages  on  each  side  of  Che  pipe  {full  bridge 
configuration).  The  axial  gage  levels  consisted  of  pairs  of 
quarter  bridge  strain  gages  Co  measure  tension  and 
compression.  All  the  gages  were  sensitive  to  strain  in  the 
vertical  direction.  The  bending  strain  gages  were  installed  in 
a way  to  cancel  axial  and  temperature  effects.  They  were 
positioned  at  the  extreme  fiber  axis  i.e,  90°  from  the  neutral 
axis  or  parallel  to  the  loading  direction  as  shown  in  Figure 

axis  Co  cancel  bending  and  temperature  effects  at  Che  same 
elevations  as  the  bending  gages.  Figure  4.8  shows  a photograph 
of  the  strain  gages  installed  on  the  pipes  used  for  bending 
and  axial  strains.  The  strain  was  computed  as 


GF  is  Che  gage  factor  (2.09), 

Vo  is  the  applied  voltage  <10  volts),  and 
AV  is  Che  measured  voltage  due  to 
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■ InQinetera 


changes  in  inclination  of  the  casing  from  its  original 
position.  All  instrumented  piles  of  the  load  test  program  had 
a slope  inclinometer  casing  for  measuring  the  deflected  shape 
at  every  incremental  load.  It  was  suggested  to  fill  the  slope 

heat  of  hydration  effects.  One  axis  of  the  SI  casing  was 
aligned  with  the  direction  of  the  load. 

This  project  include  two  types  of  inclinometers:  manual 
and  automatic.  Twelve  readings  of  a meter  depth  were  taken 
using  the  manual  slope  indicator  and  only  six  readings  using 
the  automatic  slope  indicator.  Data  collection  was  made  with 

and  manually  for  the  others.  Reduced  data  are  presented  in 
Appendices  B,  C and  D for  both  tests. 


Ten  load  cells  of  at  least  100  kips  (SO  tons)  were 
utilized  for  each  instrumented  pile  in  the  test  group,  in 
addition  to  the  1000  kip  load  cell  (SOO  tone)  on  the  jack. 
Three  additional  load  cells  were  installed  in  Pile  5,  S.  and 
7 in  order  to  obtain  more  information. 


The  electronic  data  acquisition  syetera.  System  4000, 
was  provided  by  Measurements  Group,  Inc.  Its  function  was  to 
store  strain  gage  readings  from  the  gages  at  each  level  for 
every  incremental  load.  During  the  pile  group  test,  there  were 
132  levels  for  bending  strain  gages,  42  levels  for  axial 
strain  gages  with  2 channels  per  level,  13  load  cell  channels, 
and  3 potentiometer  channels,  which  result  in  232  channels  or 
measurements  per  reading.  Finally,  there  were  1751  readings 
taken  during  the  group  test  at  15  second  increments. 


The  lateral  load 


test  program  was  performed  by  Law 
Engineering  under  the  supervision  of  the  University  of 
Florida.  Presented  in  this  section  are  the  procedures  and 
observations  made  during  the  load  tests. 

4.4.1  Load  Test  of  Single  .Pile 

The  load  test  of  the  single  pile  began  at  1:15  p.m., 
November  7,  1995.  An  Initial  load  was  applied  to  the  pile  and 
maintained  for  15  minutes.  Three  readings  were  taken  for  each 
incremental  load,  The  load  increments  are  presented  in  Table 
B.l.  The  load  test  concluded  at  6:05  p.m.  The  failure  load 
corresponded  to  72  kips.  A photograph  of  the  single  pile 
during  testing  is  shown  in  Figure  4.10. 

During  the  course  of  the  test  Che  following  problems 
occurred: 

a)  Only  3 of  the  9 strain  gages  level  functioned 
properly.  It  is  believed  Chat  due  to  the  lack  of  proper  care 
of  Che  wires,  coupled  with  severs  weather  caused  the  wires  and 
the  terminal  strips  to  abrade  against  the  piles  and  be 
aubmerged.  Consequently,  water  enter  the  nleke  in  the 
insulation  either  shorting  or  altering  the  resistances. 
Although  the  strain  gages  were  read  in  the  field  prior  to  the 


placement  in  the  pile,  they  were  not  reread  following 
completion  of  grouting-  Also  a significant  delay  during 
grouting  occurred. 

b)  Anticipated  failure  load/deformation  indicated  that  a 
100  kip  jack  with  a 6-inch  ram  stroke  would  be  required  for 
the  test.  Unfortunately  the  jack  only  had  a stroke  of  2.5 
inches,  which  required  successive  shimming  and  blocking  to 
deform  the  pile.  Also,  the  load  cell  quit  functioning  at  60 
kips.  The  jack  and  the  load  cell  were  calibrated  after  the 
testing,  The  measured  load  at  each  load  incremented  was 
obtained  from  the  calibration  submitted  by  the  contractor  and 
presented  in  Figure  B.l. 

c)  Finally,  the  data  acc[ul8itlon  system  did  not  work  due 
to  hard  drive  failure  and  the  data  were  recorded  manually. 

obtained  and  is  analyzed  in  Chapter  6.  It  is  intended  to 
schedule  a single  pile  load  test,  by  loading  test  File  #9  in 
the  opposite  direction  of  the  group  test  (West)  . A single  pile 
layout  is  presented  in  Figure  B.7.  All  records  of  the  single 


After  the  difficulties  experienced  during  the  single 
pile  test,  special  precautions  were  taken  during  the 
installation  of  the  instrumented  pipes.  The  strain  gages  and 
the  gage  leads  were  re-coated  to  protect  them  from  moisture 
and  Che  resistances  (350  ohms  or  262  ohms)  were  checked  prior 


to  and  after  grouting.  All 
protected  by  capping  the 
tape.  To  prevent  shimming 


ends  and  wrapping  with  duct 


islon  (i 


Spherical  bearing  conneccions  for  individual  load  cells  and 
for  the  main  SOO  ton  load  cells  were  installed  to  allow  pile 
movement  without  introducing  eccentricity.  Horhing  platforms 
were  constructed  over  a trestle,  independent  of  the  loading 
frame,  to  allow  the  personnel  to  read  slope  inclinometers  and 
wirelines  without  any  risk.  File  15  was  grouted  and  reinforced 
due  to  some  damage  produced  during  driving.  Finally,  prior  to 
the  load  test  a 125  kip  load  was  applied  to  the  piles  to  check 
the  equipment  and  data  acquisition  system. 

The  group  load  teat  was  performed  under  the  direction  of 
Dr.  Brown  and  Dr.  Townsend.  It  began  at  11:10  a.m.,  June  13, 
1395,  and  concluded  at  4:45  p.m,  The  initial  load  of  about  125 
kips  was  applied  to  the  pile  group  and  maintained  for  30 
minutes.  It  was  intended  to  maintain  a constant  load  at  each 
load  level.  Three  readings  were  taken:  load  A at  1 min.,  load 
B at  10  min.,  and  load  C at  30  min.  after  the  loading.  Only 

manual  slope  indicators.  Nine  load  increments  of  about  125 
kips  and  four  unload  increments  of  about  300  kips  were  taken 
given  a total  of  thirteen  loads.  The  makimum  load  corresponded 
to  1200  kips.  At  load  #4  the  load  was  decreased  to  zero  and 
reloaded  to  the  next  load  increment.  The  loading  sequence  is 
presented  in  Table  C.l. 

There  were  13  individual  load  cells,  i.e.  one  per  each 
instrumented  pile  and  three  additional  load  cells,  and  one 


group  load  cell,  These  load  cellt 


illy  by 
H-pile 


Che  data  acguialcion  ayacem,  Pour  wirelinea  becween 
reference  piles  with  mirror-mounted  scales  with  0.01° 
divisions  were  placed  at  the  four  corners  of  the  test  pile 
group.  Two  vertical  levels  were  taken  from  Pier  16  South  to 
observe  the  vertical  displacement  of  the  pier.  Five  horizontal 
displacement  transducers  (potentiometers)  were  mounted  to 
monitor  Che  inter-pile  displacement  and  the  pier  movement.  Two 
in-place  inclinometers  were  used  on  pile  3 and  S that  recorded 
automatically  sc  l,  lO,  and  30  minute  reading  intervale.  They 
only  recorded  the  first  six  meters  from  Che  top  of  the  pile. 
Fourteen  conventional  inclinometers  were  used  to  record  the 
deflection  and  rotation  of  the  first  12  meters  after  the  10 
minute  reading  of  each  load,  and  after  load  11  B and  13  B.  The 
instrumentation  details  are  shown  in  Figure  4.3.  Finally,  a 

documentation  purposes. 

A photograph  of  the  sixteen  pile  group  after  the 
installation  without  the  loading  frame  is  shown  in  Figure 
4.11.  A schematic  view  of  the  loading  frame  and  with  Che  load 
cells  is  shown  in  Figure  4.12.  The  test  pile  group  and  Pier  16 
H during  testing  are  shown  in  Figures  4.13  and  4.14, 
respectively.  Purged  information  is  presented  in  Appendices  C 


pile  group  and 
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CHAPTER  5 


EVALUATION  OP  LOAD  TRANSFER  CURVES 

Presented  in  this  chapter  are  Che  load  transfer  curves 
derived  from  instrumentation  readings  and  in  situ  tests.  The 
'measured'  transfer  curves  from  the  instrumentation  are 
compared  with  Che  predicted  curves  obtained  from  in  situ  tests 
at  similar  depths.  Results  from  both  the  single  pile  load  test 
and  Che  pile  group  load  test  are  included. 


As  mentioned  previously,  lateral  soil  response  is 
represented  by  an  elastic  foundation  with  nonlinear  springs  to 
transfer  the  horizontal  load  from  the  pile  to  the  soil.  These 
nonlinear  aprings  are  often  called  p-y  curves,  It  is  assumed 
Chat  the  soil  resistance  parallel  to  the  axis  of  Che  pile  is 
negligible  and  the  behavior  of  Che  soil  at  a particular  depth 
is  ‘independent'  of  Che  soil  behavior  at  all  other  depths. 

In  this  section,  it  is  intended  to  find  Che  correct  p-y  curves 
Chat  best  simulate  Che  load-deflection  curve  at  Che  top  of  the 


pile,  conaidering  that  the 


/ary 
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significantly  with  different  methods.  The  comparison  is  based 
on  the  slope  of  the  initial  portion  of  the  curve,  Che  ultimate 
soil  resistance  and  the  curve's  shape, 


P-y  curves  presented  herein  are  derived  from  the  lateral 
load  tests  by  instrumentation,  i.e.  bending  strain  gage 
measurements  and  inclinometer  deflections,  P-y  curves  based  on 
strain  gages  are  mentioned  as  the  ’measured  or  true’  p-y  data 
according  to  previous  experience, 

a)  P-y  Curves  Obtained  from  Bending  Strain  Sages 

To  obtain  moments  from  Che  strain  gage  readings,  the 
strain  must  be  related  to  the  curvature  and  the  curvature  to 
the  bending  momenta.  The  curvature  is  the  measured  strain 
divided  by  the  distance  between  the  gages  (pipe  diameter)  and 
the  gage  factor.  Before  cracking  the  pile  rigidity  is  constant 
and  the  curvature  is  proportional  to  moments.  But  after 
cracking,  the  nonlinear  behavior  of  the  pile  must  be 
considered.  Nonlinear  FLPIER  can  be  used  to  calculate  the 
curvature  of  a concrete  pile  section,  either  reinforced  or 
preatreesed  pile,  by  fixing  the  pile  at  Che  bottom  and 
applying  moments  at  the  top. 

The  bending  moments  were  fitted  to  polynomial  equations 
using  the  least-square  polynomial  regression  method  that  was 


Impletnenced  in  a spreadsheet.  Third  order  polynomial  equations 
with  a maximum  of  7 points  for  each  curve  were  used  to 
evaluate  the  p-y  curves.  It  is  supposed  that  a low  order 
polynomial  can  model  better  the  soil  reaction.  To  obtain  a p-y 
curve  at  a specific  depth,  the  polynomial  is  fitted  with  the 
same  number  of  points  above  or  below.  Deflection  y(x)  was 
obtained  by  double  integration  and  the  soil  reaction  p(x)  was 
determined  by  double  differentiation  of  the  moment  curves. 
Inclinometer  measurements  were  used  as  a complement  to  obtain 
integration  constante,  i.e.  pile  head  rotation  and  deflection. 

Figure  5.1  shows  the  'measured'  p-y  curves  for  ths  single 
pile  obtained  using  bending  strain  gages  for  the  previously 
specified  depths.  Unfortunately  for  the  single  pile  only  three 
of  the  nine  strain  gage  full  bridges  worked.  However,  the 
results  are  reasonable  and  are  of  the  correct  order  of 
magnitude.  Polynomial  regression  seems  to  work  only  during  the 
elastic  range  of  the  pile  i.e.  when  the  pile  did  not  crack  and 
its  rigidity  is  constant.  After  cracking  it  is  assumed  that 
the  soil  resistance  follows  the  previous  tendency,  i.e.  a 
perfect  plastic  curve  for  the  upper  curves  or  a linear 
increase  for  Che  bottom  curves.  The  initial  portion  of  the  p-y 
curves  for  the  sand  layer  varies  from  1200-5000  psi  and  the 
ultimate  soil  resistance  from  300-1500  Ibs/in  approximately, 
b)  P-y  curves  from  Inclinometer  Readings 

Slope  indicator  deflection  data  from  Che  lateral  load 


defle 


meters  depth.  The  finite  difference  method  for  case  1 (P^  and 
M,  known)  presented  in  COM624P  was  Implemented  in  a 

depths  until  Che  actual  pile  deflection  matched  the  predicted 
pile  deflection.  P-y  curves  were  formed  with  these  soil  moduli 
at  different  load  increments.  After  cracking,  the  pile 
rigidity  El  was  decreased  according  to  Che  resulting  bending 
moment  presented  in  Figure  B.5.  This  method  presents  very 
accurate  p-y  curves  for  the  upper  layer  until  120  inches 
depth.  The  initial  portion  of  the  p-y  curves  for  the  sand 
layer  varies  from  about  3000-6000  psi  and  the  ultimate  soil 
resistance  from  about  200-1500  Ibs/ln  resulting  in  a very 
stiff  initial  slope  with  a hyperbolic  shape.  For  deeper  p-y 
curves  the  accuracy  decreases  in  chat  Che  inclinometer 
readings  are  very  small  and  Che  inclinometer  only  reaches  11 
meters  depth.  However,  the  load-deflection  curve  obtained 
using  these  p-y  curves  matches  the  measured  load-deflection  as 
shown  later  in  Figure  6.4.  This  method  seems  to  be  more 
accurate  than  the  one  that  utilises  inclinometer  readings  with 
Che  non-dimensional  coefficients  for  cohesionless  soils, 
because  the  soil  modulus  for  any  depth  is  independent  of  any 
depth  function.  However,  this  method  only  gives  an  order  of 
magnitude  of  the  aoil  resistance  with  deformation.  They  are 
not  exact  especially  after  cracking  and  at  deeper  layers. 
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Figure  5.1  shows  p-y  curves  bssed  on  instrumentation 
readings  for  a ‘representative’  depth  (SO"  depth)  for  both 
strain  gage  and  inclinometers  readings.  Figures  5.2  through 
5.5  show  the  'measured'  p-y  curves  obtained  for  a 
representative  pile  of  each  row  of  Che  test  pile  group  at  60" 
depth  using  instrumentation  readings,  Figure  7.1  defined  the 
row  position  and  pile  numbering  of  the  test  pile  group  and  the 
reaction  pile  group.  Figures  E.l  through  E.5  show  p-y  curves 
based  on  strain  gage  readings  for  20,  40,  60,  80,  120,  160, 
and  200  inch  depths.  Figure  E.6  shows  these  p-y  curves 
obtained  using  inclinometer  readings  for  Che  single  pile. 
Figures  E.7  and  E,8  show  P-y  curves  for  a pile  in  Che  leading 
row  (pile  16)  and  a pile  in  the  trailing  row  (pile  9)  of  Che 
test  pile  group,  respectively. 


r 
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Figure  S.2  P-y  Curves  Based  on  Instrumencation  Measurements 
for  a Leading  Row  Pile  (Test  Pile  Group) . 


for  a Middle  Leading  Row  Pile  (Test  Pile  Group) . 


Figure  S.4  P-y  Curvee  Based  on  Inscrumentation  MeasuremenCs 
for  a Middle  Trailing  Row  Pile  (Test  Pile  Group) . 


Figure  5.5  P-y  Curves  Based  on  Instrumentation  Measurements 
for  a Trailing  Row  Pile  (Test  Pile  Group) . 
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In  Situ  Teats 


In  situ  tests  were  used  by  direct  or  Indirect  form  for 
the  determination  of  p-y  curves.  The  Reese.  Cox,  and  Koop 
method  and  O’Neill  and  Murchison  method  are  considered  as 
'default'  methods  in  current  programs.  Soil  properties  such  as 
d,  Y',  and  K were  estimated  indirectly  through  SPT  and  CPT 
tests.  For  pre-driving  soil  conditions,  the  angle  of  internal 
friction  of  the  upper  layer  was  32*,  the  effective  unit  weight 
was  S7  pcf,  and  the  modulus  of  subgrade  reaction  waa  60  pci  as 
recommended  for  medium  dense  sands  below  the  water  table  in 
COM624P.  For  the  bottom  layer,  » waa  42°,  Y'  was  73  pcf,  and 
K waa  125  pci  as  recommended  for  submerged  dense  sands.  For 
post-driving  soil  conditions,  the  angle  of  internal  friction 
of  Che  upper  layer  was  increased  Co  40°,  the  effective  unit 
weight  to  65  pcf,  and  Che  modulus  of  subgrade  reaction  to  120 
pci.  For  Che  bottom  layer,  « was  44°,  y'  was  75  pcf,  and  K was 
180  pci.  Figure  5.10  and  5.11  compare  p-y  curves  obtained  from 
different  in  situ  tests  at  a particular  depth  (2  D]  before  and 
after  pile  driving,  respectively. 

The  characteristic  shapes  of  the  p-y  curves  computed  with 

three  portions  with  a very  stiff  initial  part  and  O'Neill 
presents  a hyperbolic  shape.  The  major  difference  is  the 
computation  of  the  ultimate  soil  resistance.  Reese's  method 
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soil  resistance  for  the  same  and  y'  . However,  the 
recommended  values  £or  the  modulus  of  subgrade  reaction  seem 

curves  using  the  Reese  method  for  pre-driving  and  post  driving 

the  O'l^elll  method  for  both  conditions. 

The  initial  slope  of  the  p-y  curves  of  both  dilatometer 
methods  are  very  reasonable.  However,  the  ultimate  soil 
resistance  directly  depends  on  the  angle  of  internal  friction 
and  can  be  very  unconservatlve,  especially  if  the  t angle  is 
derived  directly  from  the  dilatometer.  Gabr  recommends  « 
angles  derived  from  CRT  correlations.  However,  they  also  seem 
to  be  very  high.  Gabr'e  method  employs  Reese’s  equation  for 
the  ultimate  soil  resistance  with  a hyperbolic  shape  while 
Robertson  employs  O'Neill's  equation.  Both  methode  were 
developed  for  the  linear  behavior  of  a pile.  Figures  E.13  and 
E.14  present  p-y  curves  using  the  Robertson  et  al.(1989) 
method  for  pre  and  poet  driving  conditions.  Figures  B.IS  and 
B.16  present  p-y  curves  using  the  Gabr  and  Borden  (1988) 
method. 

P-y  curves  developed  from  PMT  results  have  the  advantage 
of  an  accurate  determinetion  of  the  ultimate  soil  resistance 
or  the  Robertson  et  al.  method.  Briaud's  u 
nee  seems  to  be  very  high,  probably  becau 
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method  was  developed  for  a pre-bored  pressuremecer  ceec.  Both 
methods  are  Inappropriate  for  the  calculation  of  Che  initial 
slope  of  the  curve,  due  to  Che  protector  ring  added  to  the 
tip.  The  reload  modulus  can  be  more  appropriate  with  some 
precaution,  because  it  is  very  sensible  Co  race  of  unload 
/reload  and  Che  PHT  correction  curves.  According  to 
inclinometer  p-y  curves  the  initial  slope  must  be  2 to  4 times 
the  slope  of  the  reload  curve.  The  'protector  ring'  at  the  PUT 
cone  may  be  the  cause  of  this  problem.  Figures  E.17  and  E.18 
present  p~y  curves  for  pre  and  post  driving  conditions 
according  Co  the  procedure  of  Robertson  eC  al.(196S)  Chat  uses 

displacement  pile.  P-y  curves  obtained  from  PYPMT  program 
developed  by  Briaud  et  al . (1984)  using  PHT  results  are 
presented  in  Figures  C.19  and  E.20, 

A sec  of  p-y  curves  generated  using  rough  correlations 
between  CPT  and  PMT  suggested  by  SchmerCmann  (1978)  are 
presented  in  Figures  B.21  and  B.22.  Considering  chat  for 
medium  dense  to  dense  sands,  q,  /P,  is  estimated  as  12,  and 
B/Kft  as  20  cm  (Table  2.3),  this  method  seems  to  be  a good 
initial  estimate  but  is  not  as  precise  as  it  should  be. 
Figure  E.23  shows  the  p-y  curves  obtained  using  Che  SPT  N 
values  from  Che  vicinity  of  Pier  16  N i.e.  pre-driving 
condition  and  Figure  E.24  shows  the  p-y  curves  obtained  SPT  H 
values  correlated  from  CPT  post-driving  results.  The  method 
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coefficient  of  subgrade  reaction  as  shown  in  Table  2.4,  The 
ultimate  soil  resistance  is  calculated  using  Reese’s  ec[uacione 
and  Che  shape  is  assumed  to  be  hyperbolic. 

In  summary,  for  the  surface  layer  (from  0-160  in.>,  the 
measured  curves  show  a very  stiff  initial  slope  i.e.  between 
2500  to  8000  Ibs/in/in.  and  a ultimate  soil  resistance  between 
300  and  1200  Ibs/in.  If  it  is  compared  with  the  in  situ  p-y 
curves  shown  in  Appendix  B,  the  initial  slope  can  be  related 
to  the  dllatometer  modulus  (Ej)  and  the  ultimate  soil 
resistance  directly  related  to  the  PMT  limit  pressure. 
Figures  E.2S  and  E.26  present  a DMT/PHT  method  that  utilizes 
the  'measured'  p-y  curves  as  references  and  all  the  concepts 
presented  before.  The  shape  of  Che  curve  is  linear  from  zero 
to  1.1  mm.  (DMT  B reading!  and  hyperbolic  from  1.1  mm 
thereafter.  The  initial  slope  is  related  to  the  dllatometer 
modulua  multiplied  by  a modulus  factor  F,  (between  2 and  3) 
and  the  PHT  limit  pressure  is  multiplied  by  an  o factor 
according  to  Robertson  et  al.  (see  Figure  2.5).  The  method 
relates  the  dllatometer  modulus  to  the  elastic  region  and  the 
PMT  limit  pressure  to  the  plastic  region  of  the  load- 
deflection  curve  without  the  assumption  of  any  soil 
paramsters.  This  method  has  the  advantage  that  no  soil 

time  conauming  in  situ  soil  tests  are  needed. 


Che  soil  denaificacion  dc 


closely- 


spaced  pile  driving,  aseuming  chac  Che  shape  remains  Che  same, 
for  Che  surface  layer  (from  0-160  in.),  che  in  aicu  curves 
show  a very  sclff  inicial  slope  i.e.  between  6000  Co  10000 
Ibs/in/in.  and  an  ultimate  soil  resistance  between  500  and 
6000  Ibs/in.  The  initial  slope  of  Che  curve  for  che  surface 
layer  is  2 to  3 times  as  much  as  in  che  pre-driving  p-y  curves 
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slope  between  600  CO  2000  Ibs/in/in.  and  an  ultimate  soil 
resistance  between  100  to  300  Ibe/in. 

initial  slope  decreases  in  all  the  rows  between  2 to  3 times 
without  a great  difference  between  each  other.  However,  the 
ultimate  soil  resistance  decreases  consistently  by  rows 


between  1.0/0.83  in  the  leading  row,  1.0/0. 4 in  Che  middle 
rows,  and  0.4/0.25  in  the  trailing  row.  Even  though,  these 
■measured'  curves  are  only  an  approximation  this  can  give  an 
idea  of  the  group  effects.  It  seems  that  the  p-y  multipliers 
are  determined  by  the  reduction  of  the  ultimate  aoil 


The  values  utilized  in  the  analysis  are  presented  in 
Tables  3.1  and  3.2  to  summarize  pre-driving  and  post-driving 
aoil  conditions  respectively.  More  details  of  Che  in  situ  soil 
information  are  presented  in  Appendix  A and  the  in  situ  p-y 
curves  using  both  aoil  conditions  are  presented  in  Appendix  E. 
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Figure  5.6 


P-y  Curves  from  in  Situ  Tests  Before  Pile 


^BEESEMCTHOD  , nugin 

_^DMTROBE*TSONETAL  DUTGASR BT AL 


Figure  5.7  P-y  Curves  from  In  Situ  Tests  After  Pile 
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foundation  with  nonlinear  eprings  to  transfer  the  axial  load 
from  the  pile  to  the  soil.  Theae  nonlinear  springs  are  often 
called  t-z  curves,  The  values  obtained  from  axial  strain  gages 
in  the  reaction  pile  group  are  compared  with  the  predicted 
based  on  in  situ  tests. 


strain  gages.  It  is  not  possible  to  calculate  the  maximum  skin 
friction  (i^)  due  to  the  small  deformation.  However,  the 

obtained  from  Pile  9 and  Pile  12  for  load  9 C.  These  values 
ranged  between  3500  to  13500  psl  for  the  first  120  inches. 
They  are  in  between  the  recommended  values  using  pre  and  post 
driving  soil  conditions. 


pre-driving 
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correlations  for  the  upper  layer.  CPT  sleeve  friction  values 
can  be  used  directly  to  determine  the  failure  shear  stress, 
t,,  by  averaging  all  CPT  friction  values  in  the  vicinity  of 
the  pile  node  (Casper,  1995)  . There  are  two  well  defined 
layers,  a medium  dense  sand  layer  with  an  average  N value  of 

average  N value  of  20.  To  account  for  the  densif icatlon  during 
pile  driving,  a factor  of  2.5  is  introduced  to  Che  sand  layer 
and  about  1. 0-1.5  for  the  cemented  sand.  The  initial  shear 
modulus  presented  in  Table  2.3  is  determined  from  SPT  N values 
correlated  from  CPT  readings  according  to  Robertson 
correlation.  Figure  5.9  shows  the  same  t-z  curves  but 
calculated  with  post-driving  CPT  values.  For  poet-pile  driving 
soil  conditions,  a q.  of  4 MN/m“  and  q j of  20  MN/rr?  have  been 
considered  for  the  upper  and  bottom  layer,  respectively. 
Poisson's  ratio  is  ta)cen  as  0.3  and  the  hyperbolic  constant  as 
1.0. 

Finally,  ths  failure  shear  stress  and  the  ultimate  tip 
stress  were  calculated  from  SPT  N values  at  the  tip  vicinity, 
that  is  about  30  (Table  2.4)  . Figure  5.10  shows  the  pile  tip 
load-deformation  curve  with  a failure  tip  load  of  700  jcips 
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PILE  TIP  DEFORMATION 


Figure  S.IO  Pile  Tip  Load-Deflection  Curve  Assumed  for  the 
Analysis. 


CHAPTER  6 


PREDICTION  AND  PERFORMANCE  OP  THE  SINGLE  PILE  SUBJECTED 
TO  LATERAL  LOAD 

Presented  In  this  chapter  is  a summary  of  Che  results  of 
the  static  single  pile  lateral  load  test  as  well  as  a 
comparison  with  the  behavior  predicted  by  the  computer 
programs  referred  to  in  Chapter  2 utilising  different  methods 
to  compute  p-y  curves.  The  chapter  also  Includes  load- 
deflection  curves,  load-bending  moment  curves,  and  load- 
maximum  moment  curves.  The  in  situ  tests  and  the  lateral  load 
test  results  are  presented  in  Appendix  A and  B,  respectively. 


As  mentioned  previously,  the  lateral  load  was  applied  in 
B load  stages  to  72  kips,  and  unloaded  in  4 stages  as 
presented  in  Table  B.l.  The  measured  pile  head  loads  with 
their  corresponding  maximum  deflection  (at  IS  minutes)  are 

the  fact  that  they  correspond  to  different  levels  i.e.  LVDT 
level  and  inclinometer  level.  The  load  was  maintained  constant 
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while  the  deflection  was  recorded-  Ae  can  be  seen,  after 
cracking  i.e.  bending  moment  about  7600  kip-in  and  lateral 
load  about  SO  kips,  the  rate  of  deflection  increased  until 
■yielding'  112000  kip-in).  A layout  of  the  single  pile  teat 
with  all  the  instrumentation  ia  shown  in  Figure  B.7. 

This  variation  ia  also  compared  in  Figure  6.2  using 
PouloB'B  elastic  solution  (Foulos,  1971)  and  the  programs 
FLPIER,  COH624P,  P1GR3D  and  GROUP  with  the  'measured'  p-y 
curves  obtained  from  inclinometer  readings.  The  FLPIER  program 
is  represented  by  two  options  that  consider  the  prestressed 
concrete  pile  as  a linear  elastic  material  and  as  a non-linear 
material.  Figure  6.3  compares  the  measured  load-deflection 
curve  with  that  predicted  from  FLPIER  using  p-y  curves 
obtained  from  instrumentation,  i,e.  strain  gages  and 
inclinometer  readings.  Figure  6.4  shows  the  deflection  along 
the  pile  length  measured  from  the  load  level  i.e.  82  inches 
above  the  mudline  for  two  loads,  30  and  60  kips. 

Finally,  Figure  6.3  shows  the  load-deflection  curve 
predicted  using  FLPIER  non-linear  option  with  the  p-y  curves 
obtained  from  the  in  situ  teats  for  pre-driving  conditions. 
These  p-y  curves  are  presented  in  Appendix  E. 
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SINGLE  PILE  LOAD-DEFLECTION  CURVES 


The  relationship  between  the  maximum  bending  moment  and 
Che  pile-head  load  for  Pouloe'  aoluCion  and  the  programs 
mentioned  before  is  presented  in  Figure  «.«.  This  relationship 
is  also  compared  in  Figure  6.7  with  Che  measured  maximum 
bending  moment  and  the  predicted  momenta  using  FLPIER  and  Che 
p-y  curves  derived  from  the  inatrumencacion.  The  'meaaured' 
maximum  moments  were  calculated  using  a third  degree  order 
polynomial  and  the  strains  recorded.  Figure  6.8  shows  the 
variation  of  norraalieed  bending  moment  i.e.  moment/pile  load 
along  the  pile  depth  in  order  to  compare  these  curves  for 
different  load  increments  using  inclinometer  p-y  curves. 

Kaximun  bending  moments  obtained  utilizing  PLFIER  for 
nonlinear  material  and  the  nine  in  situ  methods  of  p-y  curves 
are  plotted  for  different  pile  load  increments  in  Figure  6.9. 
The  variation  of  bending  moment  along  the  pile  length  is  shown 
in  Figure  6.10  for  a load  of  30  hips.  This  figure  shows  not 
only  the  maximum  bending  moment  at  30  kips  but  also  ite  depth 
from  the  mudline  and  its  shape. 

The  measured  moments  were  obtained  from  Che  strain  gage 
readings  presented  in  Table  B.3.  Figure  B.3  shows  the  moment 
thrust  interaction  diagram  and  the  moment  curvature  curve, 
while  Figure  B.5  shows  the  moment  pile  rigidity  curve  for  the 
prescressed  pile  section  utilized. 
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Figure  6.6  Maximum  Bending  Moment  versus  Load  Using  Different 
Programs . 


Curves  from  Instrumentation- 
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Normalized  Moments  Along  Che  File  at  Certain 


SINGLE  PILE  LOAD-MAXIMUM  MOMENT  CURVES 


SINGLE  PILE  LOAD-MAXIMUM  MOMENTCURVES 


Using  PLPIER  and  Pre-driving  P-y  Curves, 


Figure  6.10  Bending  Moments  Along  the  Pile  Using  FLPIER 
and  Pre-driving  P-y  Curves. 


pile  begins 


to  deform  plastically  after  50  Itips, 
resulting  in  an  increasing  deflection  rate  at  similar  load 
increments.  The  pile  cracking  moment  seems  to  be  an  in^iortant 
value  and  depends  only  on  the  pile  section  and  the  axial  load. 
For  the  pile  tested  it  is  about  7500  kip-in.  The  maximum  load 
of  the  lateral  load  teat  was  about  72  kips.  This  ia  not  exact 
due  to  the  problems  described  previously.  The  pile  had  an 
unrecovered  deformation  of  1.2  inches  at  the  load  level. 

All  these  programs  model  the  soil  as  a series  of  closely- 
spaced  discrete  springs  with  no  coupling  between  each  other 
i.e.  unit  load  transfer  model  or  Winkler  approach.  For  a 
single  pile  with  the  same  p-y  curves  (inclinometer  p-y  curves) 
and  without  pile-soil-pile  interaction,  Che  prediction  is  very 
similar  for  linear  elastic  pile  properties.  FLFIER  for 
nonlinear  predicts  very  accurately  after  cracking.  Soil 
modulus  values  of  0.5  ksi  and  1.0  ksl  were  used  for  Poulos's 
elastic  solution.  These  values  are  recommended  for  medium  and 
dense  cohesionless  soils.  The  solution  is  valid  when  Che  pile 
and  Che  soil  are  in  Che  elastic  range,  less  than  20  kips.  It 

constant,  it  decreases  with  Che  deflection. 

The  Inclinometer  p-y  curves  provide  a very  accurate  load- 
n curve  much  better  than  the  strain  gage  p-y  curves. 


defleccior 


both  give  very 


similar  load-deflection  curves. 

The  deflection  along  the  pile  la  determined  by  deflection 
at  the  top  with  very  similar  shape  as  shown  in  Figure  6.4. 
Since  the  load-deflection  curve  is  more  sensitive  to  a 
prediction  method  than  the  variation  of  bending  moments,  it  is 
important  to  analyse  the  in  situ  p-y  methods  to  establish  a 
criteria.  Shallow  p-y  curves  until  120  inches  depth  {4D>  have 
the  major  influence  in  the  load-deflection  curve  in  this  case. 
The  soil  modulus  that  is  proportional  to  the  coefficient  of 
subgrade  reaction  determines  the  initial  part  of  the  load- 
deflection  curve.  The  ultimate  soil  resistance  of  Che  upper 
layer  influences  load-deflection  at  larger  displacements  with 
a transition  between  both  conditions.  Dilatometer  methods 
provide  a good  approximation  in  the  elastic  region  and 
Robertson's  FMT  method  in  the  plastic  region.  The  DHT/FMT 
method  tries  to  join  both  methods  with  good  results.  Reese's 
procedure  provides  a very  good  approximation  if  the  correct 
parameters  were  taken,  for  thie  case  a high  modulus  of 
subgrade  reaction  and  relatively  low  angle  of  internal 
friction.  The  SPT  p-y  curve  method  also  provides  a good 

procedure  with  the  conditions  established  before. 

All  programe  provide  a very  accurate  maximum  moment 
estimate,  aa  shown  in  Figure  6.6,  even  the  ones  that  analyzed 


difficult 


the  pile  as  a linear 
distinction.  Elastic  solutions  also  provide  an  accurate 

is  almost  linear  until  cracking.  Then  the  maximum  moment  rate 
increases  until  -failure',  about  12500  kips-ln.  The 
inclinometer  p-y  curves  predict  lower  maximum  moments  for  a 

having  lower  resistances.  However,  the  difference  is  not 
considerable. 

The  normalized  bending  moments  along  Che  pile  increase 
until  pile  cracking  and  are  almost  constant  after  load 
increment  #5  i.e.  50  kips,  Also,  the  maximum  moment  level 
descends  from  ISO  inches  to  210  inches  below  the  load  level  at 
loads  #1  and  #5,  respectively.  Figure  B.4  shows  a schematic 
view  of  Che  cracks  after  loading.  Notice  chat  the  bigger  and 
wider  crack  (crack  *7)  is  at  236’  from  the  pile  top  or  218" 
from  the  load  level.  Unfortunately,  the  maximum  moments  were 
not  measured,  they  were  calculate  with  polynomial  regression 
and  three  strain  gage  levels. 

All  pre-driving  in  situ  p-y  curves  provide  a good  estimate 
of  the  maximum  bending  moment  per  load.  The  range  of  maximum 
moments  for  any  p-y  curve  method  is  in  the  order  of  10%  for  a 
given  load.  They  also  all  exhibit  the  same  tendency  explained 
for  Che  load-deflection  behavior,  for  a given  load  Che  maximum 
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Che  p-y  curve  especially  aC  shallow  depths;  e.g.  for  softer 
p-y  curves,  higher  maximura  momenta.  Finally,  Che  moments  along 
the  pile  at  30  hips  are  presented  in  Figure  6.10.  All  present 
Che  same  variation  except  the  PHT  curves  which  have  a larger 
moments  due  to  the  softer  pressuremecer  modulus,  even  the 
reload  modulus.  This  modulus  is  very  sensitive  to  Che  loading 

13%  and  the  other  methods  are  in  a 6%  range  at  30  kips.  The 
deeper  layers  only  influence  the  shape  of  the  moment  curve 
along  Che  pile  depth  but  not  the  maximum  moment  as  can  be  seen 
for  the  DMT  curves.  For  higher  soil  modulus  values  at  the 
cemented  sand  layer  the  moment  inflection  moves  upward. 


CHAPTER 


PREDICTION  AND  EVALUATION  OP  THE  PILE  GROUPS  SUBJECTED  TO 
LATERAL  LOAD 

Presented  in  this  chapter  ie  a summary  of  the  results  of 
the  static  lateral  load  test  on  the  pile  groups  and  a 
comparison  with  the  behavior  predicted  by  the  programs  that 
consider  group  effects  referred  to  in  Chapter  2.  Most  programs 
are  based  on  hybrid  methods,  i.e.  superposition  of  group 
effects  into  the  single  pile  behavior. 

It  is  considered  "theoretically”  that  the  same  soil 
conditions  are  founded  in  both  pile  groups.  In  order  to 
simplify  the  results,  Che  pile  groups  are  divided  into  four 
rows  that  define  the  average  behavior  of  the  piles  within  Che 
row.  A schematic  view  of  the  leading,  middle  leading,  middle 
trailing,  and  trailing  rows  for  both  pile  groups  and  the 
distances  to  the  mudline  are  shown  in  Figure  7.1.  The  measured 
load-deflection  curves  at  frame  level  for  both  pile  groups  are 

The  chapter  also  includea  load-deflection  response,  p-y 
multipliers,  load-distribution,  bending  moment  along  the 
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The  ceet  pile  group  consiBCed  of  slxceen  aacrlficial 
piles  joined  by  a ateel  frame.  The  pile  head  was  considered 
free  headed  againsc  rocacion.  This  group  had  10  piles  fully 
instrumented  (inclinometer  and  9 levels  of  strain  gagesl  and 
three  piles  only  with  load  cells,  as  shown  in  Figure  4.5. 

V.1.1  Prediction  of  Load-Pef lection  Response 

The  prediction  of  the  load-deflection  curves  is  compared 
in  Figure  7.9  using  the  programs  FLFIBR,  PI6R3D  and  GROUP 
(similar  to  COM624P  for  free-head  pile)  with  the  ‘best'  p-y 
curves  with  p-y  multipliers  back  calculated  from  the  load 
test.  In  this  case,  Che  inclinometer  p-y  curves  are  chosen 
because  they  better  represent  Che  single  pile  response.  The 
average  imaginary  single  pile  method  is  also  considered  in 
this  figure  as  an  upper  limit  for  deflections.  The  average 
measured  load-deflection  curves  for  each  row  are  shown  in 
Figure  7.4.  The  p-y  multipliers  back  calculated  from  each  pile 
and  per  row  are  presented  in  Figure  7.5.  The  distance  between 
the  load  level  to  Che  mudline  varies  from  pile  to  pile.  The 

efficiency  of  0.8. 
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Figure  7.4  Measured  Load-Deflection 
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LOAD-DEFLECTiON  CURVE 
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Measured  and  Predicted  Load-Deflection  Curve  for 
the  Leading  Row  Using  FLFIBR  and  a Range  of  F-y 
Multipliers. 
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LOAD-DEFLECTION  CURVE 
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Figure  7.7 


Measured  and  Predicted  Load-Deflection  Curve  for 
the  Middle  Leading  Row  Using  FLPIBR  and  a Range 
of  P-y  Multipliers. 
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LOAD-DEFLECTION  CURVE 

ROOSEVELT  BRIDGE  - MIDDLE  TRAILING  ROW 
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Figure  7.8 


the  Middle  Trailing  Row  Using  FLFIBR  and  a Range 
of  P-y  Multipliers. 
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Figure  7.9 


Measured  and  Predicted  Load-Deflection  Curve  for 
the  Trailing  Row  using  PLPIER  and  a Range  of  P-y 
Multipliers. 
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Figure  7.10  P-y  Multiplier  for  Leading  Row. 
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Measured  and  Predicted  Load-Delleccion  for 
Test  Pile  Group  Using  FLPIER  and  Different 
Multipliers. 
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The  average  percentage  of  load  distribution  taken  by 
each  row  during  the  nine  load  steps  is  shown  in  Figure  7.15. 
The  trailing  row  takes  31%  of  the  total  load  during  the 
initial  load.  This  decreases  to  21%  during  the  final  load.  In 
contrast,  the  leading  row  takes  only  22%  of  the  total  load 
during  the  first  load  but  increase  to  2B%  at  the  last  load. 
For  the  middle  rows  the  difference  is  not  so  dramatic. 


AVERAGE  PILE  LOAD  DISTRIBUTION 


rh  Pil< 
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The  variation  of  the  maximum  measured  bending  moment 
with  pile  head  load  per  row  is  presented  in  Figure  7. IS.  This 
variation  is  compared  in  Figures  7.17  through  7.20  for  the 
instrumented  piles  of  each  row,  using  the  program  FLFIER  with 
the  inclinometer  p-y  curves  and  the  back  calculated  p-y 
multipliers  (0.8,  0.7,  0.3,  0.3>. 

The  measured  bending  moments  along  the  piles  for  pile 
#16,  pile  #3,  pile  #10,  and  pile  #9  are  shown  in  Figures  7.21 
through  7.24.  This  variation  with  depth  is  also  compared  with 
the  predicted  using  the  program  FLPIER. 


5 Test  Pile  Group. 


MAXIMUM  BENDING  MOMENTS 


Leading  Row  Oaing  FLPIER  and  P-y  Multipliers. 
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Figure  7.19  Predicted  Haximum  Bending  Momenta  for  the  Middle 
Trailing  Row  Oaing  FLPIER  and  P-y  Multipliers. 
MAXIMUM  BENOINQ  MOMENTS 


Predicted  Maximum  Bending  Homente  for  the 
Trailing  Row  Using  FLPIER  and  P-y  Kultipliera. 


Figure  7.20 
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The  piles  In  Che  test  group  began  to  crack  after  750  klpe 
or  at  1.6  inches  of  deformation  when  Che  maximum  moment 
reached  about  7500  kip-inch  in  Che  leading  row.  The  maximum 
load  of  the  group  test  was  about  924  kips  according  Co  Che 
thirteen  load  cells  plus  the  average  row  load  of  the  other 
three.  The  group  had  an  unrecovered  deformation  of  0,77  inches 
ac  Che  load  frame.  At  load  #4  Che  group  was  unloaded  to  almost 
rero  and  reloaded  again  to  the  same  load. 

The  pier  had  a maximum  deflection  of  O.S  Inches  ac  about 
1080  kips.  The  maximum  moment  reach  about  6300  kip-in  the 
leading  row,  a little  higher  Chan  Che  cracking  moment,  but 
just  for  30  minutes.  The  pier  had  an  unrecovered  deformation 
of  0.2  inches  at  Che  cap.  The  difference  between  both  loads 
may  be  due  co  friction  at  the  loading  frame,  accuracy  of  the 
load  celle,  and  some  rotation  of  Che  loading  frame  in  the 
horizontal  and  vertical  planes.  This  difference  increased 
until  150  kips  (15V)  at  load  9A  and  decreased  with  time  (30 

reduced  this  difference. 

The  average  pile  group  reeponee  was  softer  than  Che 
single  pile  response.  However,  the  single  pile  test  can  be  a 
good  reference  to  relate  the  pile  group  behavior.  The  ehape  of 
Che  pile  group  deflection  curve  is  Che  same  of  Che  single  pile 
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with  a smaller  average  loads.  The  p-y  mulcipliera  seem  to  work 
well  to  accouot  for  this  group  effect.  The  group  efficiency  is 
about  801  for  the  initial  loads  and  about  85%  for  the  final 
load.  The  pre-driving  in  situ  teets  better  represent  the  soil 
conditions  than  the  post-driving  in  situ  teets  for  laterally 
loaded  pile  groups,  even  though  some  densification  occurs. 

Program  FLPIER  models  very  well  the  load-deflection  curve 
of  prestreased  piles,  especially  after  pile  cracking.  GROUP 
and  linear  FLPIER  provide  a good  prediction  for  Che  initial 
portion  of  the  curve.  They  do  not  account  for  pile  cracking 
and  for  pinned  head  piles  and  without  group  interaction,  GROUP 
behaves  as  COK824P.  PIGR3D  predicts  a very  stiff  initial 
portion  and  lower  loads  for  larger  deformations.  The  group 
interaction  behavior  depends  on  Che  Young's  modulus  assumed 
for  the  surface  layer  and  the  distance  to  the  rigid  boundary. 
Reese’s  single  pile  method  is  just  an  upper  bound  of  Che 
deflection  and  is  too  conservative,  Due  to  Che  imaginary  large 
diameter,  the  deflection  seems  to  be  a straight  line  for  Che 

The  average  leading  row  behaved  similarly  to  a single 
pile.  Furthermore,  both  leading  rows  and  both  trailing  rows 
had  very  similar  load-deflection  curves.  The  pile  in  Che 
leading  row  took  more  load  Chan  the  pile  in  the  trailing.  The 
average  leading  pile  cook  about  80  kips  and  Che  average 
trailing  pile  took  about  50  kips.  Note,  Chat  the  initial 


porclon  of  the  curves  are  very  similar,  the  difference  arises 
at  larger  deformations,  more  than  an  inch. 

As  shown  in  Figure  7.5,  the  overall  p-y  multiplier  for 
the  test  group  is  0.5S  and  for  the  leading,  colddle  leading, 
middle  trailing,  and  trailing  row  is  0.8,  0.7,  0.3,  and  0.3, 
reapeotively.  There  Is  a reasonable  agreement  with  centrifuge 
results  for  3 D spacing  and  medium  dense  sand,  for  pinned  head 
group  the  p-y  multipliers  are  0.8,0.45,  and  0.3  and  for  fixed 
head  group  are  0.8, 0.4, 0.3,  and  0.2  (McVay  et  al.  1995  and 
1998b).  They  also  agree  with  Brown's  p-y  multipliers  0. 8,0.4, 
and  0.3  (Brown  et  al.,  1988).  The  pile  p-y  multipliers  were 
bac)<  calculated  with  the  measured  lengths  between  the  mudline 
and  loading  frame  and  with  the  total  load  per  row.  Also,  the 
outside  piles  ta)ce  more  load  than  inner  piles  within  the  row, 
possibly  due  to  shadow  effects.  According  to  the  pile  driving 
records  the  piles  where  installed  in  the  following  pile 
sequence  : 8,  7,  6,  S,  4.  3,  2,  1,  12,  U,  11.  IS,  10,  14,  9, 

resistance  in  the  outside  pile  columns  and  in  the  second  row. 

The  leading  row  presents  a range  of  p-y  multipliers  from 
1.0  to  0.6,  the  middle  leading  row  a very  close  range  from  0.8 
to  0.6,  the  middle  trailing  row  a range  from  0.5  to  0.2,  and 
the  trailing  row  a range  from  0.4  to  0.2,  as  shown  in  Figure 
7.6  thru  7.9,  respectively.  An  average  p-y  multiplier  per  row 
that  match  the  sum  of  eaoh  individual  measured  pile  is 


presented  in  Figure  7.10  thru  7,13.  The  values  that  better 
match  Che  ultimate  soil  resistance  and  the  initial  portion  of 
the  load-deflection  curve  were  found  to  be  O.B,0.7,0.3,  and 
0,3  with  a sum  of  2.1.  The  variation  of  Che  total  group 
response  is  presented  in  Figure  7,14.  The  first  curve 
represents  no  pile  interaction  or  p-y  multipliers  of  1,0,  the 
second  curve  was  computed  using  a overall  p-y  multiplier  of 
0.S5,  Che  third  curve  using  0.6, 0.7, 0.3,  and  0.3,  and  the  last 

The  problem  of  using  preetressed  piles  in  the  test  pile 
group  is  that  the  pile  rigidity  (SI)  is  not  well  know  and  it 
varies  dramatically  after  cracking.  This  results  in 
difficultly  in  finding  the  ultimate  soil  resistancss  for  the 
p-y  curves.  Also,  the  concrete  Young's  modulus  increases  with 
time  especially  if  Che  pile  ie  submerged  in  water.  According 
to  the  strain  gage  readings  and  Che  measured  load  Che  pile 
rigidity  should  be  about  3.3  10*  to  3.5  10  * kips-inch*.  This 
may  affect  the  results  but  not  dramatically,  furthermore  they 

The  load  distribution  of  Che  trailing  row  decreased  with 
load,  while  Che  leading  row  increased  with  load.  This  change 
is  higher  for  Che  initial  loads.  The  load  distribution  of  the 
middle  rows  is  approximately  conacanc. 

The  maximum  bending  moments  for  Che  leading  row  were 
higher  than  for  the  trailing  rows.  However,  all  were  within  a 
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15V  range.  Theae  momencs  look  very  similar  if  they  are  plotted 
with  deformation.  The  maximum  bending  moments  ranged  between 
11000  kip'inch  in  the  leading  row  and  9500  kip-inch  in  the 
trailing  row.  FLPIER  agrees  well  with  the  measured  moments  as 
shown  in  Figures  7.17  through  7.20.  The  differences  are  due  to 
accuracy  of  the  strain  gages  and  to  the  fact  that  the  p-y 
multiplier  utilited  for  the  row  is  an  average.  The  maximum 
bending  moment  was  at  a depth  of  about  110  to  120  inched  for 
the  leading  rowa,  150  inches  for  the  middle  trailing  row  and 
about  160  inches  for  the  trailing  row.  FLPIER  predicts  very 
well  the  shape  and  the  depth  of  the  moments  along  the  pile. 


CHAPTER 


CONCLUSIONS  AND  EiECOMHSNDATIONS 


A lateral  load  test  program  was  performed  in  cohesionlees 
soil  on  a single  pile  and  on  a 16  pile  group  at  Roosevelt 
bridge.  As  a result  of  the  investigation,  the  following 
conclusions  can  be  drawn: 

single  pile  response.  However,  the  single  pile  test  can  be  a 
good  indicator  of  the  pile  group  behavior.  The  pile  group 
load-deflection  efficiency  was  flO%.  For  all  the  rows,  Che 
initial  portions  of  Che  curve  were  very  similar,  however,  the 
differences  arose  at  larger  deformations,  The  average  leading 
row  pile  behaved  similarly  Co  a single  pile  and  Cook  more  load 
than  the  average  pile  in  the  trailing  rows.  Also,  outside 

due  Co  a shadow  effect  and  pile  driving  secfuence. 

2)  The  p-y  multipliers  seem  to  work  well  to  account  for  Che 
group  effect.  The  pre-driving  in  situ  tests  better  provide  Che 
soil  conditions  for  laterally  loaded  pile  groups.  They  have 


reasonable  agreement  with  McVay's  centrifuge  results  and 
Brown's  pile  group.  The  overall  p-y  multiplier  for  the  group 
was  0.55  for  the  test  pile  group  and  O.S,  0.7,  0,3,  0.3  for 
the  leading,  middle  leading,  middle  trailing,  and  trailing 
row,  respectively. 

3)  The  pile  teat  group  deformed  elastically  to  750  kips  or 

about  7500  kip-inch  in  the  leading  row.  The  maximum  load  of 
Che  group  test  was  about  924  kips.  The  group  had  an 
unrecovered  deformation  of  0.77  inches  at  the  load  frame.  The 

for  Che  trailing  rows.  However,  all  were  within  a lS4r  range. 
The  maximum  bending  moments  ranged  between  llOOO  kip-inch  in 
Che  leading  row  and  9500  kip-inch  in  Che  trailing  row.  The 
maximum  moments  were  deeper  in  Che  trailing  piles. 

4)  The  pier  had  a maximum  deflection  of  O.S  inches  at  about 
1060  kips.  The  maximum  moment  reached  about  6600  kip-inch  in 

5)  In  the  group  test  the  load  distribution  of  the  trailing 
row  decreased  during  the  load  test,  while  the  leading  row 
increased.  This  is  very  dramatic  for  the  first  load.  The  load 
distribution  of  Che  middle  rows  was  approximately  constant,  In 


plastically  after  SO  kips  i.e.  after  pile  cracking,  about  7500 
kip-inch.  The  maximum  load  of  the  lateral  load  test  was  about 
72  kips  and  Che  maximum  bending  moment  about  12SOO  klpe-inch. 

below  the  load  level,  deeper  for  higher  loads.  After 
extracting  the  failed  pile,  the  biggeet  pile  crack  was 
observed  218  Inches  below  the  load  level. 

7)  The  Hinkler  solution,  which  models  Che  soil  response  as 
non-linear  springs,  seems  Co  be  a very  reasonable  approach  for 
modeling  a single  pile  with  the  correct  p-y  curves.  The 
assumption  of  a linear  elastic  medium  can  underestimate  pile 
deflection  and  bending  moments  especially  for  higher  load 
levels  with  larger  deformations. 

8)  For  a laterally  loaded  single  pile  without  pile-eoil-pile 
interaction,  Che  programs  COH824P,  FLPIER,  QROOF,  P16R3C 
predict  very  similarly  for  linear  elastic  pile  properties. 
However,  only  Che  FLPIER  nonlinear  option  was  capable  of 
predicting  pile-deflection  after  cracking  for  these 

maximum  bending  moments  and  moment  distribution.  Moments  show 
small  sensitivity  to  these  methods,  even  after  cracking. 

9)  Reese  et  al.  recommendations  for  p-y  curves  In  eandy 
layers  are  very  reasonable  for  the  calculation  of  ultimate 


friction  angle  hae 
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directly  from  SFT  N values . However,  it  appears  that  the 
coefficient  of  aubgrade  reaction  ia  very  conaervative . A value 
between  60  and  90  pci  wae  obtained  from  the  single  pile  test. 

approximation  due  to  the  fact  that  it  is  related  to  Reese’s 

10)  Dllatocneter  teats  in  some  way  duplicate  the  load  sequence 
induced  in  Che  soil  by  a driven  pile,  especially  with  very 
small  deformation.  Thus,  the  dilatometer  modulus  (%)  might  be 
correlated  directly  to  the  initial  portion  of  a p-y  curve  or 
the  modulus  of  aubgrade  reaction.  However,  the  ultimate  aoll 
reeiscance  depends  directly  on  the  angle  of  Internal  friction 
and  can  be  very  unconservative,  especially  if  the  « angle  is 
derived  directly  from  the  dilatometer  test. 

11)  P-y  curves  developed  from  PMT  results  have  the  advantage 
of  an  accurate  evaluation  of  the  ultimate  soil  resistance 
especially  for  the  Robertson  et  al.  (1964)  method.  This 
resistance  can  be  related  directly  to  the  pressure  limit  (P,.)  . 
Cone  pressureraeter  modulus,  even  from  the  reload  portion  of 
the  PMT  curve,  is  too  small  to  be  related  to  the  modulus  of 
aubgrade  reaction. 

12)  The  slope  inclinometer  method  provides  a reasonable 
approach  to  compute  p-y  curves  for  the  upper  layer  to  a depth 


first 


significantly 


for  pile 


13)  The  p-y  curves  obtained  from  the  single  pile  test, 
present  for  the  surface  layer  (from  0-160  In.),  a very  stiff 
initial  elope  i.e.  between  1200  to  5000  pai  and  an  ultimate 
soil  resistance  between  300  and  ISOO  Ibs/in.  In  the  p-y  curves 
obtained  from  the  pile  group,  the  initial  slope  does  not 
change  as  significantly  as  Che  ultimate  soil  resistance.  The 
initial  elope  varies  from  £00  to  4000  psi  in  all  rows  and  the 
ultimate  soil  resistance  varies  from  300  to  1000  Ibs/in  in  the 
leading  row  and  from  100  to  300  Iba/in  in  the  trailing  row. 

driving  at  Pier  IS  North,  as  well  as  CAPHAP  and  PDA  results, 
despite  jetting  soil  densif ication  occurred  due  to  soil 
displaced  by  pile  intrusion,  leading  to  higher  soil 
resistance.  In  this  case,  the  coefficient  of  aubgrade  reaction 
for  the  sand  layer  increased  by  100  V,  the  friction  angle  from 
32*  to  40*, and  Che  relative  density  increased  from  55%  to  90% 
approximately.  For  Che  cemented  sand  layer  the  increment  is 
much  smaller.  Soil  properties  between  pre-driving  and  post- 
driving  in  situ  tests  can  best  represent  the  axially  loaded 
pile  group  behavior  accordingly  to  initial  shear  modulus 
obtained  from  instrumented  piles  in  t)ie  pier.  T-2  curves  can 
be  related  to  pre-driving  in  situ  soil  tests  by  multiplying 
soil  parameters  by  a coefficient  due  to  densificaCion,  in  this 
case  between  l.S  and  2 for  Che  sandy  layer, 


The  following 


recommendaclone  are  made  baaed  on  this 

investigation: 

1)  To  make  the  strain  gage  configuration  more  versatile, 
after  concrete  pouring,  Che  terminal  strip  should  be  outside 
of  the  pile.  Thus,  quarter  and  half  bridge  configuration  can 
be  used  if  some  gages  do  not  work.  Also,  it  seems  Chat  welded 
strain  gages  are  more  reliable.  They  can  be  welded  to  round 
steel  bar  cages  that  are  more  economical  chan  steel  pipes. 

Strain  gage  resistances  should  be  checked  after 
installation,  after  grouting  within  the  pile,  and  prior  Co 
performing  the  load  test.  Also  a load  calibration  of  the 
instrumented  steel  pipe  must  be  performed  after  gage 

2)  The  inclinometer  method  utilized  to  back  calculate  p-y 
curves  can  be  improved,  in  order  to  have  a reliable  and 
economic  method  to  obtain  p-y  curves  rather  than  back 
calculate  from  strain  gages.  AC  least  a four  decimal 

31  Cracking  bending  moment  should  be  a design  criteria  as 
well  as  pile  displacement  for  prestresaed  piles.  It  can  be 
computed  only  with  the  pile  section,  axial  load,  and  the 


of  only 


length 


below  the 

mudline  can  be  driven  after  pile  driving  In  order  to  inoreaee 
front  area  and  the  lateral  resistance  of  the  piles.  However, 
the  group  effect  maybe  increase. 

5)  According  to  the  p-y  curves  obtained  from  strain  gages 
and  inclinometer  readings,  p-y  multipliers  should  be  used  only 
for  Che  ultimate  soil  resistance,  not  the  coefficient  of 
aubgrade  reaction.  However,  this  difference  seems  to  be 
negligible  in  the  load  deflection  curve. 

e)  A new  single  load  test  pile  at  Pier  le  North  vicinity 
must  be  performed  to  confirm  Che  results  presented  and  to 
obtain  more  information  from  Che  strain  gages  along  Che  pile. 
7)  The  pressuremeter  probe  should  be  adapted  to  the  electric 
cone  penetrometer  Co  obtain  soil  data  simultaneously  in  one 
boring  log.  This  is  very  valuable  when  the  installation 
conditions  are  difficult  and  time  consuming  as  they  were  in 
Pier  IS  North.  The  reload  modulus  of  the  PUT  should  be 
correlated  to  the  DMT  and  standardized  in  order  to  obtain 
reliable  initial  modulus,  especially  if  a protector  ring  in 
Che  tip  is  used. 

S)  It  is  important  to  measured  the  force  in  all  Che  piles  of 
the  group  teat,  thus  a load  cell  should  be  installed  in  pllea 
even  chough  they  are  not  instrumented. 

in  order  to  recommend  an  appropriate  densification  coe 


sfficic 


for  Che  axial  behavior,  especially  foe  loose  and  medium  dense 

10)  In  sicu  ceece  such  as  FHT,  CET,  DHT,  and  Che  SPT  (ac 
every  2.5  feec  for  Che  firsC  4 D)  can  be  very  reliable  Cools 
for  obcaining  load  Cransfer  curves  directly.  Maybe  a 
spreadsheeC  or  a parallel  program  can  creaCe  Che  inpuC  daCa 
for  Che  soil  layers  for  PLPIBR  using  in  sicu  soil  paramecers. 

11)  SCeel  pipe  piles  wich  conscanc  El  can  be  more  reliable 
Chan  prescressed  piles  for  compuCing  p-y  curves  and  ulcimace 
soil  resisCances  especially  afeer  craclcing.  ConcreCe 
propercies  are  noC  well  defined. 

12)  AddlClonal  field  and  cencrifuge  CesCa  wich  dlfferenc 
pile  group  configuracions  should  be  required  in  order  co 
esCablish  a reliable  procedure  for  closely-spaced  pile  groups. 
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Figure  A. 3 Cone  Penetration  Test  Profile  at  Pier  19 
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Cone  Penetration  Teat  Profile 
(Teat  #2). 
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Figure  A.S  Cone  Penetration  Test  Profile  at  North  Abutment 
(Test  #3J . 


Figure  A. 6 Cone  Penetration  Test  Profile  at  North  Abutment 
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Figure  A. 7 Cone  PeneCration  Teat  Profile  at  Pier  le  South 
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Figure  A. 14  Cone  Penetration  Test  at  Vicinity  of  Pier  16 
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Figure  A. 20  Cone  Penetration  Test  after  Pile  Driving  at 
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Table  B.l  Single  Pile  Test  Load-Deflection  Record. 
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Table  B.2  Load-Deflection  Readings. 
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Table  C-3  Strain  Gage  Readings  of  Pile 
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Table  C.8  Strain  Gage  Readings  of 
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Table  C.15 
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Table  C.IS 
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Table  C.17 
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Table  C.18  Slope  Inclinometer  Readings  of  Pile  9. 
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Table  C.19  Slope  Inclinometer  Readings  of  Pile  10. 
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Table  C.19 


Continued. 
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Table  C.20  Slope  Inclinometer  Readings  of  Pile  11. 
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Table  C.20 
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Table  C-21 
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Table  C.22 
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Table  C.l  Horizontal  and  Vertical  Dieplacementa. 
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Table  D.2  Strain  Gage  Readings  of  Pile  1. 
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Strain  Gage  Readings  of  Pile  S, 
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Strain  Gage  Readings  o£  Pile 


Table  D.6  Strain  Gage  Readings  of  Pile 
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Table  D.8  Slope  inclinometer  Readings  o£  Pile  1. 
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Table  D.9 
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Table  D.IO  Slope  inclinometer  Readings  of  Pile  6. 
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Table  D.ll  Slope  Inclinometer 
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Table  D.12  slope  Inclinometer  Readings  of  Pile  9. 
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Table  D.13 
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Table  D.13  Slope  InclinomeCer  Readings  of  Pile  12. 
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Figure  E.2  P-y  Curves  Baaed  on  Strain  Gage  Heasuremencs  for 
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Figure  E.3  P-y  Curves  Based  on  Strain  Sage  Meaeurementa  for 
a Middle  Leading  Row  Pile  (Test  File  Sroup). 
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P-Y  CURVES  - MIDDLE  TRAIUNO  ROW  PILE  (PILE  10) 
FROM  STRAIN  GAGE  READINGS 
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4 P-y  Curves  Based  on  Strain  Gage  Measurements  for 
a Middle  Trailing  Row  pile  (Test  Pile  Group) . 
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Figure  E.5  P-y  Curves  Based  on  Strain  Gage  Measurements  for 
a Trailing  Row  Pile  (Test  Pile  Group) . 
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Figure  E.7  P-y  Curves  Based  on  Inclinometer  Readings  for 
a Leading  Row  Pile  (Test  Pile  Group) . 
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REESE,  COX,  AND  KOOP  METHOD 


REESE.  COX,  MO  KOOP  METHOD 


Figure  E,9  P>y  Curves  Using  Reese  et  al.  Method 
(Pre-Driving  In  SiCu  Tests) . 
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REESE.  COX,  AND  KOOP  METHOD 
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Figure  E.lO  P-y  Curves  Using  Reese  et  al . Me 
(Poet-Driving  In  Situ  Tests). 
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>-y  Curves  Using  O'Neill  and  Murchison  Method 
IPre-Driving  In  Situ  Tests) . 
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DILATOMETER  P-Y  CURVES 


KOIEftTSOKETAL.  [IW) 
EMriRlCAISTIFFNESSfACTOR:! 


DILATOMETER  P-Y  CURVES 


-IXIHCKES 


Figure  S.13  P-y  Curves  Using  DMT  Robertson  et  el.  Method 
(Pre-Driving  In  Situ  Tests) . 
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OILATOMETER  P-Y  CURVES 


DILATOMETER  P-Y  CURVES 


P-y  Curves  Using  DMT  Gabr  and  B 


Figure  E.IS 
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Figure  E.16  P-y  Curves  Using  DMT  Oabr  and  Borden  Method 
(Post-Driving  In  Situ  Teats). 
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CONE  PflESSUREMETER  P-Y  CURVES 


Figure  E.17  P-y  Curves  Using  PMT  Robertson  et  al.  Method 
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CONE  PRESSUREMETEB  P-Y  CURVES 


CONE  PRESSUREMETER  P-Y  CURVES 
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PRE5SUREMETER  P-Y  CURVES 


Figure  E.19  P-y  Curves  Using  PUT  Briaud  ec  al-  Method 
(Pre-Driving  in  Situ  Tests) . 
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PRESSUREMETER  P-Y  CURVES 


PRES5UREMETER  P-Y  CURVES 


Figure  E.20  P-y  Curves  Using  PMT  Brlaud  et  al.  Method 
(Post-Driving  In  Situ  Teste) . 
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Figure  £.23  P-y  Curves  Generated  from  SPT  Correlation 
(Pre-Driving  In  Situ  Tests). 
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P-y  Curves  Oeneraced  from  DMT/PMT  Correlation 
(Post-Driving  In  Situ  Testa). 
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